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Ichnology 

Organism-substrate interactions in space and time 

Ichnology is the study of traces, such as burrows, trackways, 
and borings, created in the substrate by living organisms. It is an 
increasingly important field, having recently been transformed 
into a multifaceted science at the crossroads of many disciplines. 

This is the first book to systematically cover the conceptual 
framework of the discipline and the wide breadth of applica- 
tions in both paleobiology and sedimentology, bridging the 
gap between the two main facets of the field. It emphasizes the 
importance of understanding ecological controls on benthic 
fauna distribution and the role of burrowing organisms in chan- 
ging their environments. 

A detailed analysis of the ichnology of a full range of dep- 
ositional environments is presented using examples from the 
Precambrian to the Recent, and the use of trace fossils in facies 
analysis and sequence stratigraphy is discussed. By presenting 
ichnological information within a macroevolutionary perspec- 
tive, the authors provide an up-to-date overview of the subject 
and highlight the potential of biogenic structures to provide valu- 
able information and solve problems in a wide range of fields. 

An invaluable resource for researchers and graduate students 
in paleontology as well as in sedimentology and sequence stra- 
tigraphy, this book will also be of interest to oil industry profes- 
sionals working in reservoir and exploration geology. 
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Introduction 



Worms have played a more important part in the history of the world that most persons would at first suppose. 

Charles Darwin 

The Formation of Vegetable Mould Through the Action 
of Worms with Observations on their Habits (1881) 

When looking at depositional sequences, no one gets upset when they see a ripple mark, but the presence of a few burrows frequently 
will divide the field party into two factions. One group falls asleep while the other group begins a lengthy discussion on phytogeny, 
ontogeny, nutrient upwelling, biochemistry, and the “Voyage of the Beagle”. 

Jim Howard 

“Sedimentology and trace fossils” (1978) 



Jim Howard’s ironic comment elegantly illustrates both the 
joys and risks of practicing and communicating the science of 
organism-substrate interactions to a broad audience. Ichnology 
is a science located right at the crossroads of paleontology (and 
biology) and sedimentology (and stratigraphy). Trace fossils 
link paleontology and sedimentology in ways that most body 
fossils cannot achieve. In this context, ichnological investiga- 
tions provide dynamic links among numerous fields. Analysis 
of specific ichnofaunas results in meaningful contributions to 
paleoecology, sedimentology, sequence stratigraphy, reservoir 
characterization, diagenesis, paleoclimatology, paleooceanog- 
raphy, biostratigraphy, evolutionary paleoecology, paleoan- 
thropology, and archaeology. Such studies illustrate how an 
integrated approach that articulates ichnological information 
with other sources of data results in a better understanding of 
depositional setting, stratigraphic architecture, reservoir per- 
meability, organism behavior, and ecosystem reconstruction 
and evolution. Thus, a multifaceted approach to ichnology will 
help bridge the gap between biologists and geologists, as well 
as between theoretical frameworks and applications. Because 
of this close link between ichnology and several other fields, we 
will often visit some of these neighboring disciplines in search 
for connections. 

We have subdivided the book into three parts. The first one 
deals with conceptual tools and methods, and addresses the 
conceptual background of the field, ichnotaxonomy, burrow- 
ing and locomotion mechanisms, the ichnofacies model, and 
the ichnofabric approach. The second part focuses on spatial 
trends, and attempts to summarize paleoecological aspects, 
environmental controls, and the ichnology of different deposi- 
tional environments. The third part deals with temporal trends, 
including developments in sequence stratigraphy, biostratig- 
raphy, evolutionary paleoecology, paleoanthropology, and 
archaeology. In almost every instance, we have tried to avoid 
including previous illustrations by elaborating new ones or 
redesigning other author drawings based on our own perspec- 
tive. Each of the chapters is focused on providing an update 



of the most pertinent aspects covered in ichnological research. 
To do so, it is necessary to generalize based on a limited num- 
ber of case studies. However, some readers may still prefer to 
learn from specific examples. To avoid that potential problem, 
we have included boxes that either supply a more in-depth treat- 
ment of selected topics or summarize case studies that illustrate 
significant advances in our understanding of the field. 

This book attempts to provide a balance between our own 
personal experience, and a comprehensive synthesis of previous 
and current research in the field of animal-substrate interac- 
tions. In the first place, our personal experience and interests are 
reflected throughout the book by the choice of topics and philo- 
sophical perspective. The book emphasizes invertebrate ichnol- 
ogy rather than vertebrate ichnology, and bioturbation rather 
than bioerosion, although a conscious (perhaps not entirely 
successful) effort has been made to counterbalance our biases. 
Second, we use many examples drawn from our own work. 
These include research undertaken in deposits ranging from 
the Ediacaran to the Recent that have accumulated in a wide 
variety of environments and geographic locations. We consider 
ourselves really lucky to have been able to explore such a vast 
timescale and variety of settings. However, we also offer exten- 
sive coverage of the work done by the different working groups 
in the last few decades. 

In Time’s Arrow, Time’s Cycle, Steven Jay Gould (1987) 
emphasized the tension between time’s arrow and time’s cycle in 
our understanding of Earth’s history. Time’s arrow sees history 
as an irreversible sequence of unrepeatable events. Time’s cycle 
emphasizes a non-directional time, in which events are repeated 
according to a recurrent pattern. This dichotomy is expressed 
in ichnology as a tension between studies that apply ichno- 
facies models in facies analysis and sequence stratigraphy, and 
those that underscore the utility of trace fossils in evolutionary 
paleobiology. The very same notion of ichnofacies recurrence, 
irrespective of age, is strongly rooted in a cyclic idea of geo- 
logical time. However, this view of ichnology stands in apparent 
opposition to the study of secular changes in bioturbation and 
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trace fossils as evidence of the changing ecology of the past and 
a dynamic landscape, which is never the same. The structure of 
the book attempts to honor both facets of ichnology. 

In that sense, our approach is rather eclectic, trying to 
incorporate information from the two main schools: that using 
the ichnofacies model and its wide potential (mostly western 
Canadian-based), and that employing the ichnofabric approach 
(rooted in continental Europe and the United Kingdom). 
One of the advantages of having grown as scientists in such a 



geographically remote country as Argentina is that one gets a 
good balance of tradition and freedom. Tradition is revealed by 
a long and rich history of paleontological research in the coun- 
try. However, at the same time, being far from the authoritative 
centers of scientific production gives a sense of freedom that 
prevents tradition from suffocating critical thinking. Hopefully, 
by the end of the book eclecticism will have paid, and the gap 
between the Voyage of the Beagle and the Reservoir Model may 
have narrowed a little bit. 
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These “-ichnial” ethologic categories are useful tools for organizing important paleoecologic information about a particular organism 
community. Of course, semantic distinctions between the different categories may be carried to the extreme, and confusion rather than 
clarification results. For example, imagine the trackway created by a man running across a mudflat at low tide. Do his footprints represent 
repichnia (perhaps he was jogging for his health) or fugichnia (perhaps he was being chased by someone with harmful intentions) or prae- 
dichnia (perhaps he was chasing sea gulls for a special gourmet dinner)? Imagine that the man fell flat on his face in the mud. If he got up 
and continued his journey, the impression he left behind would be a cubichnial trace. If, on the other hand, he died where he fell and his 
body decayed away totally, the remaining impression would be a body fossil (i.e., external mould) and not a trace fossil at all! 

Tony Ekdale 

“Paleoecology of the marine endobenthos” (1985) 



Ichnology involves the study of traces produeed by organisms 
(both animals and plants) on or within a substrate, and includes 
all issues related to bioturbation, bioerosion, and biodeposition 
(Pemberton et ah, 1992a; Bromley, 1990, 1996). As such, ichnol- 
ogy encompasses both the study of processes, and their resulting 
produets. The processes are all those involved in the interaction 
between organisms and substrates. The products are the traees 
themselves, which comprise individual and distinctive structures 
of biogenic origin, particularly those related more or less dir- 
ectly to the morphologies of the producers (Frey, 1973), and any 
sedimentary fabric resulting from biogenie reworking of the sub- 
strate, including non-discrete mottlings (i.e. biodeformational 
struetures). Ichnology comprises two main fields: neoiehnology 
(the study of modern traces or lebensspuren of classic German 
papers) and paleoichnology (the study of their fossil counter- 
parts: trace fossils or ichnofossils). In this chapter, we review the 
coneeptual framework of ichnology. We start by introducing 
basic concepts and outlining the 10 most important characteris- 
tics of trace fossils. Then we discuss aspects of trace-fossil preser- 
vation, including different schemes to classify biogenic structures 
in this respect. Finally, we turn our attention to the potential of 
trace fossils as sources of behavioral information, providing an 
in-depth discussion of the ethological classification. 

1.1 BASIC CONCEPTS 



During the seventies, attempts were made to provide a general 
classification framework for ichnology and related fields. Biogenic 
structures, defined as any evidence of organism activity other than 
the production of body parts (Frey and Wheatcroft, 1989), were 
regarded as the most inclusive category. The alternative term “eth- 
ologic structures” was suggested subsequently to emphasize the 
behavioral significance of these structures (Pickerill, 1994). In add- 
ition, a number of concepts were introduced in order to group trace 
fossils (Box 1.1). The most popular scheme was proposed by Frey 
(1971, 1973) and experienced minor modifications in subsequent 



years (Frey and Pemberton, 1984, 1985; Frey and Wheatcroft, 
1989; Pemberton et ah, 1990, 1992a). This scheme subdivided 
biogenic structures into three major categories: (1) biogenic sedi- 
mentary structures; (2) bioerosion structures; and (3) other evi- 
dence of activity. Biogenic sedimentary structures are biogenic 
structures produced by the activity of an organism upon or within 
an unconsolidated substrate (Frey and Wheatcroft, 1989). In turn, 
biogenic sedimentary structures were subdivided into bioturbation 
structures, biodeposition structures, and biostratification struc- 
tures. Bioturbation structures are biogenic sedimentary structures 
reflecting the disruption of stratification features or sedimentary 
fabrics by the activity of an organism (Frey and Wheatcroft, 1989). 
Tracks (impressions left by an individual locomotory appendage) 
and the related term trackway for a series of tracks (Fig. 1.1a), 
trails (continuous grooves produced during locomotion; Fig. 1.1b), 
and burrows (more or less permanent structures excavated within 
the sediment; Fig. 1.1c) fall into this group. 

Biodeposition structures (Fig. Lie) were not recognized as a sep- 
arate entity in the original scheme by Frey (1971, 1973), but were 
later incorporated as a discrete category (Frey and Pemberton, 
1984). They were defined as biogenic sedimentary structures 
reflecting production or concentration of sediment by the activ- 
ities of an organism (Frey and Wheatcroft, 1989). This category 
embraces coprolites, fecal pellets, pseudofeces, and fecal castings 
(Frey and Pemberton, 1984; Frey and Wheatcroft, 1989). 

Biostratification structures (Fig. l.lf) referred to as biogenic 
sedimentary structures consist of stratification features imparted 
by the activity of an organism (Frey and Wheatcroft, 1989). 
Stromatolites, byssal mats, biogenic graded bedding, and thrombo- 
lites are included in this category (Frey, 1973; Frey and Pemberton, 
1984, 1985; Frey and Wheatcroft, 1989; Pemberton et al., 1990, 
1992a). Interestingly, experimental studies showed that some 
organisms (e.g. the pistol shrimp Alpheus bellulus) are even able to 
produce a structure similar to cross lamination (Mcllroy 2010). 

Bioerosion structures (Fig. l.ld) comprise biogenic structures 
produced mechanically or biochemically in rigid substrates by an 
organism, such as hardgrounds, clasts, bones, or rocks (Frey and 
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Box 1.1 Grouping trace fossils 

There are many terms currently in use to group trace fossils. Some of these terms are more descriptive, while others involve 
various degrees of interpretation. Some groupings imply recurrence in time, while others are more restricted in temporal scale. 
Because there is a need for consistency in terminology, the most important concepts are reviewed here. 

Ichnoassemblage or trace-fossil assemblage: Groups of trace fossils preserved in a rock unit or sedimentary facies, with no 
assumptions in regards to time of emplacement or recurrence in the stratigraphic record. 

Trace-fossil suite; A more restricted group of trace fossils that reflects contemporaneous time of emplacement. Traditionally, 
it has been applied to successive groups of trace fossils emplaced under different degrees of consolidation of the substrate (e.g. 
a hardground suite cross-cutting firmground and softground suites). It has also been referred to as pre- and post-event suites in 
the case of environments affected by storms or turbidity currents. In this sense, suite is almost a synonym of ichnocoenose. 

Ichnocoenose or ichnocommunity: This term has been used in many different ways. The present consensus is that it refers 
to a group of trace fossils produced by a biological community. 

Ichnofacies: Conceptual construct based on the identification of key features shared by different ichnocoenoses of a wide range 
of ages formed under a similar set of environmental conditions. To avoid confusion with other terms used to group trace fossils at 
different scales, ichnofacies are commonly referred to as Seilacherian or archetypal ichnofacies. The archetypal nature of ichno- 
facies relies on a “distillation” process that extracts the key features shared by actual ichnocommunities (see Chapter 4). 

Ichnofabric: Any aspect of the texture and internal structure of a substrate resulting from bioturbation and bioerosion at 
any scale (see Chapter 5). 

Trace-fossil association or ichnoassociation: As with ichnocoenose, this term has been used in a loose way. However, and in 
contrast to ichnocoenose, there is no present consensus on a more precise meaning. On occasions, it has been used in a tem- 
poral sense (i.e. as recording the work of a community), essentially approaching the meaning of ichnocoenose or trace-fossil 
suite. In other cases, a mere spatial connotation is implied, becoming in practice a synonym of trace-fossil assemblage. In a 
trace-fossil association, biogenic structures are “associated”, but the cause may be merely coincidental (i.e. trace-fossil assem- 
blage) or ecological (i.e. ichnocoenose). 

Ichnosubfacies: A group of trace fossils representing a subdivision within an ichnofacies. 

Ichnoguild: A group of trace fossils defined on the basis of: (1) bauplan, (2) food source, and (3) use of space. The use of 
this term is intimately linked to ichnofabric and tiering analysis (see Section 5.4). 

Ichnofauna: Very general term to group trace fossils having no scale or genetic connotation. 

References: Bromley (1990, 1996); Hunt and Lucas (2007); MacEachern et al. (2007a). 



Wheatcroft, 1989). Bioerosion structures include macroborings 
(down to the millimeter scale) and microborings (smaller than a 
millimeter) (Bromley 1994). Borings, embedment structures, rasps 
and scrapes, surface etching scars, durophagous damage, and drill 
holes define the wide range of bioerosion structures (Bromley, 
1992, 1994). Different types of structures are placed under “other 
evidence of activity”, including spider webs and egg cases (Frey 
and Pemberton, 1984, 1985; Pemberton et a/., 1990, 1992a). 

As with most classifications, some fields are vague and gray 
zones haunt the researcher who ventures towards the margins 
of a discipline. Although occasionally ichnology is regarded 
as the study of all biogenic structures, this is not strictly true. 
Not all biogenic structures fulfill the requirements to be con- 
sidered organism traces. Every ichnologist agrees that all bio- 
genic sedimentary structures (both discrete trace fossils and 
undifferentiated biodeformational structures) qualify, and there 
is general consensus that biostratification structures (e.g. stro- 
matolites and biogenic graded bedding) do not because they do 
not reveal the functional anatomy of the producer (Frey and 
Pemberton, 1985). Accordingly, very few regard stromatolites 
as trace fossils, and those are only rarely treated in the ichno- 
logical literature (e.g. Shapiro, 2007). However, issues become 



more contentious when we move into the gray zones of the clas- 
sification. Egg cases are currently regarded outside of the field, 
but a review on fossil eggs (Hirsch, 1994) was included in a trace 
fossil book (Donovan, 1994). In any case, eggs may be preserved 
within fossil nesting sites (e.g. Chiappe et al, 2004, 2005), which 
in turn fall within the realm of ichnology because they provide 
direct evidence of reproductive behavior. 

In addition, some of the research produced during the last dec- 
ade has expanded ichnology by providing systematic treatment of 
biogenic structures that were not considered in previous classifica- 
tions. One of these lines of research is the study of plant-arthropod 
interactions, as revealed by biogenic structures preserved in wood, 
leaves, and seeds (e.g. Scott, 1992; Genise, 1995; Labandeira et al, 
1997; Labandeira, 1998, 2002; Wilf et al, 2000). The placement of 
this group of structures in the traditional scheme of classification 
of biogenic structures is unclear. Damage of plant tissues preserved 
in leaves has sometimes been linked to bioerosion (e.g. Labandeira 
et al, 1997). However, plant tissue is not strictly a rigid substrate 
comparable to rockgrounds or hardgrounds. Traditionally, traces in 
wood have been regarded as borings produced by bioerosion (e.g. 
Bromley eta/., 1984; Mikulas, 2008; Bertling and Hermanns, 1996; 
Savrda and Smith, 1996), although it may be argued that traces in 
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wood do not reflect bioerosion in a strict sense. Similiar problems 
are involved in the study of bioerosion structures in bones (Pirrone 
et al, 2010). Another line of research focused on the whole array 
of insect traces produced in terrestrial settings, mostly those of ter- 
mites, bees, and beetles, but also wasps and ants (e.g. Genise and 
Bown, 1994a, b; Genise and Hazeldine, 1998; Genise, 2000, 2004). 
Many of them contribute to destruction of the primary fabric and, 
therefore, should be considered bioturbation structures. However, 
placement of some other insect traces within the available classi- 
fication framework is hardly straightforward. One of these prob- 
lematic structures is Chuhutolithes gaimanensis, a nest produced 
by pompellid wasps (Genise and Bown, 1990). Chuhutolithes rep- 
resents an edifice built upon the substrate and constructed with 
material extraneous to the preserving sediment (see Section 1.4). 
This structure cannot be regarded as a bioturbation structure, but 
as a nest constructed by its producer in isolation from the preserv- 
ing substrate. As such, it may be included within the broad category 
of “other evidence of activity”. Regardless of the precise placement 
of arthropod traces in plant material and of some of these nests, it 
is clear that they fulfill the criteria to be considered trace fossils. 

Another field of increased activity is the study of microbi- 
ally induced sedimentary structures (Gerdes et al., 1994, 2000; 
Noffke et al., 1996; Schieber et al., 2007; Noffke, 2010). These 
structures record the complex interaction of two sets of proc- 
esses, those related with the depositional dynamics of the 
environment and those reflecting the activity of phototrophic 
microorganisms inhabiting the substrate (Noffke et al., 1996). 



Figure 1.1 Examples of biogenic 
structures, (a) A trackway pro- 
duced by a crab (on the right). 
Tidal flats nearby Estancia Maria 
Luisa, Tierra del Fuego, Argentina. 
Scale bar is 5 cm. (b) A trail 
assigned to the ichnospecies Gordia 
marina. Upper Carboniferous, 
Guandacol Formation, Rio Frio, 
western Argentina. Scale bar is 1 
cm. (c) Burrow system assigned 
to the ichnospecies Sinusichnus 
sinuosus. Middle Miocene, Socorro 
Formation, Quebrada El Pauji, 
northwestern Venezuela. Scale bar is 
1 cm. See Buatois et al. (2009a). (d) 
The boring bivalve Gastrochaenolites 
in a clast. Lower Miocene, Chenque 
Formation, Comodoro Rivadavia, 
southern Argentina. Coin is 1.8 cm. 
(e) Fecal casts of Arenicola marina. 
Tidal flats in Gower Peninsula, Wales. 
Scale bar is 5 cm. (f) Stromatolites, 
Tethys Lake, western Australia. 

Stromatolites produced by overgrowth of cyanobacteria are 
widely recognized examples of microbially induced sedimentary 
structures in carbonate sediments and, as previously mentioned, 
have been regarded as biostratification structures (Frey, 1973). 
This category may also embraee other struetures resulting from 
microbial activity that are commonly preserved in siliciclastic 
tidal flats. Bacterial activity may contribute to sediment sta- 
bilization generating a wide variety of structures, including 
wrinkled bed surfaces, domal buildups, pinnacles, bulges, and 
several types of biolaminations in microbial mats (e.g. Schieber, 
1999; Gerdes et al., 2000; Noffke, 2010). Although microbially 
induced sedimentary structures are biogenic structures, they 
should not be regarded as trace fossils because they fail to reveal 
any evidence on the morphology of the producers. 

There is another group of structures that may be confused with 
trace fossils, and that, in fact, are not even biogenic structures. 
These are impressions that result from the passive contact between 
part of the organism’s body and the substrate. Some of these 
structures are referred to as “death marks”, and are illustrated by 
dead animals dragged by a current along a substrate (Frey and 
Pemberton, 1985) or carcasses landing on the substrate (Seilacher, 
2007a). No behavior is involved; the organism is acting as an inert 
sedimentary particle. Some of these structures may vaguely resem- 
ble animal traces, such as the tilting marks documented by Wetzel 
(1999), which are produced by wave dragging of shells. Roll and 
tumbling marks may be produced by ammonites impacting on the 
sea floor (Seilacher, 1963a). The sweeping motion of a tethered 
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Figurel.2 Pseudotraces. (a) Inorga- 
nic sole mark transitional between 
groove and chevron mark that 
superficially may resemble a resting 
trace. Upper Carboniferous, Agua 
Colorada Formation, Cantera La 
Laja, Sierra de Narvaez, north- 
west Argentina. Scale bar is 1 cm. 
(b) Synaeresis cracks resembling 
grazing or feeding trace fossils 
(“Manchuriophycus”). Upper 
Carboniferous-Lower Permian, 
Santa Elena Formation, Sierra 
de Uspallata, western Argentina. 
Scale bar is 10 cm. 



object may be the origin of the supposed trace fossil Laevicyclus 
(D’Alessandro, 1980; Jensen et al., 2002). Scratch circles may be 
formed by plant stems (Metz, 1991). There is also a gray zone 
here. Living animals may be dragged by currents leaving marks on 
the substrate. In most cases, this is just a passive relationship and 
no behavior is involved, representing a similar situation to that 
of the death marks. However, it is not unreasonable to suppose 
that in some instances the animal caught in the current may have 
raked the sediment. Apparently, this is illustrated by straight to 
sigmoidal scratch marks, commonly grouped in sets, and repeated 
laterally that are attributed to trilobites and included in the ichno- 
genus Monomorphichnus (Crimes, 1970a). In order to support this 
interpretation, the axis of erosional current structures is expected 
to be parallel to the scratch marks. 

Some structures are morphologically similar to organism traces, 
but careful analysis demonstrates that physical and chemical proc- 
esses were involved in their production and are, therefore, pseu- 
dotraces or pxvAo-lebensspuren. Turbidite sole marks, particularly 
chevron and impact marks, are typical examples (Fig. 1.2a). The 
paleontological and geological literature is plagued with names 
and descriptions of supposed trace fossils that are actually pseu- 
dotraces (e.g. “Manchuriophycus”) (Fig. 1.2b). In a few cases, the 
true nature of some structures remains controversial and even dis- 
tinction between trace fossils and body fossils may be problematic. 
Is Ediacaran Mawsonites a backfilled burrow system, a medusoid 
body fossil, or a sand-volcano interacting with a biomat? (Seilacher, 
1984, 1989; Seilacher et al., 2005; van Loon, 2008). Finally, there 
is a nice twist to this story. Some pseudotraces are, in fact, not the 
result of inorganic processes, but of microbial activity, so they at 
least qualify as biogenic structures. Corrugations, coneentric circles. 



and spiral and meandering structures are common in microbial 
matgrounds due to shrinkage of cohesive material on rippled sur- 
faces (Noffke et ah, 1996; Pfiiiger, 1999; Seilacher, 1999; Gerdes 
et al., 2000). Reinterpretations are made on a regular basis, particu- 
larly in the case of Precambrian structures. Beware! Today’s trace 
fossil may become tomorrow’s shrinkage crack! 

1.2 CHARACTERISTICS OF TRACE FOSSILS 



Trace fossils have their own peculiarities that distinguish them 
from body fossils. These peculiarities, reflecting both their mode 
of formation and their taphonomic histories, allow the establish- 
ment of a rich conceptual framework for ichnology (Seilacher, 
1964a; Frey, 1975; Ekdale et al., 1984; Frey and Pemberton, 
1985; Pemberton etfl/., 1990, 2001; Bromley, 1990, 1996;Buatois 
et al., 2002a). The importance of ichnology in various fields, 
such as paleoecology, sedimentology, stratigraphy, and macro- 
evolution derives from these basic characteristics. Regrettably, 
its own limitations also result from this set of main features. In 
previous studies, this conceptual framework has been expressed 
as a list of characteristics (Seilacher, 1964a; Frey, 1975) or ich- 
nological principles (Ekdale et al, 1984; Bromley, 1990, 1996). 
Here, we integrate both schemes to define a series of basic char- 
acteristics of trace fossils (Buatois and Mangano, 2008a). 

1.2.1 TRACE FOSSILS REPRESENT EVIDENCE OF 
BEHAVIOR 

This is arguably the essence of trace fossils. As expressed by 
Seilacher (1967a), trace fossils are evidence of fossil behavior. 
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Analysis of the morphology and architecture of trace fossils 
reveals valuable information on the anatomy and ethology of their 
producers (e.g. mode of life, trophic type, and locomotion mecha- 
nisms). As outlined below (see Section 1.4), this feature lies at the 
core of the ethological classification of trace fossils. The behavior 
involved is, of course, highly variable, from the simple trace of a 
worm-like animal moving through the substrate (Fig. 1.3a) to the 
amazing complexities of the work of social insects as illustrated 
by the termite nest Termitichnus (Genise and Bown, 1994b) (Fig. 
1.3b). In any case, releasing the behavioral signal unlocked in a 
biogenic structure is a real challenge in any ichnological analysis. 

1.2.2 THE SAME ORGANISM MAY PRODUCE MORE 
THAN ONE ICHNOTAXON 

In a way, this characteristic derives from the former because dif- 
ferent behaviors may be attributed to a single animal. Therefore, 
a single organism may be responsible for producing several 
ichnospecies and ichnogenera. The classic example is that of 



the multiple possible behaviors of a trilobite moving through 
a substrate (Seilacher, 1955a, 1985; Crimes, 1970a) (Fig. 1.4a). 
The bilobate trail ornamented with scratch marks resulting 
from the burrowing activity along the sand-mud interface 
either reflecting simple locomotion or feeding activities is called 
Cruziana. The trackway consisting of series of impressions of 
individual walking appendages on the substrate due to simple 
locomotion is referred to as Diplichnites. The asymmetrical 
trackway with two different types of impressions, long straight 
or sigmoidal (rakers) and short and blunt ones (pushers), 
attributed to grazing activities, is called Dimorphichnus. Short 
bilobate coffee-bean or heart-shaped traces reflecting resting, 
nesting, or predation, are known as Rusophycus. Deep trilobite 
burrows are referred to the ichnogenus Cheiichnus (Jensen and 
Bergstrom, 2000). Cleft-foot deposit-feeding bivalves represent 
another example of this principle. Chevronate locomotion 
trace fossils represent the ichnogenus Protovirgularia, while the 
almond-shaped resting or dwelling traces are known as Lockeia 
(Seilacher and Seilacher, 1994; Mangano et al., 1998; Ekdale 




Figure 1.3 Characteristics of trace 
fossils. Trace fossils represent evidence 
of behavior, (a) Palaeophycus tuhula- 
ris, a simple trace fossil produced by 
worm-like animals or insects Lower 
Permian, Abo Formation, Jemez 
Mountains, New Mexico. Scale bar 
is 1 cm. (b) Termitichnus qatranii, a 
termite nest. Upper Eocene-Lower 
Oligocene, Jebel Qatrani Formation, 
Fayum Depression, Egypt. Scale 
bar is 10 cm. See Genise and Bown 
(1994b). 




Figure 1.4 Characteristics of trace fossils. The same organism may produce more than one ichnotaxon. (a) Transition between the trilobite locomo- 
tion trace Cruziana isp. (Cr) and the resting trace Rusophycus isp. (Ru). Upper Carboniferous, Stalnaker Sandstone, roadcut along Kansas Highway 
166, United States. Scale bar is 1 cm. See Mangano and Buatois (2004a). (b) Transition between the bivalve locomotion trace Protovirgularia rugosa 
(Pr) and the resting trace Lockeia ornata (Lo). Upper Carboniferous, Stull Shale, Kanwaka Formation, Waverly fossil site, Kansas, United States. 
Scale bar isl cm. See Mangano et al. (1998). (c) Crustacean galleries showing intergradations between burrows with walls reinforced with pellets in 
sandy substrates (Ophiomorpha nodosa) (Op) and burrows with thin lined walls in the underlying more compacted, silty substrates (Thalassinoides 
paradoxicus) (Th). Middle Miocene, Socorro Formation, Quebrada El Pauji, northwestern Venezuela. Scale bar is 5 cm. 
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and Bromley, 2001) (Fig. 1.4b). In addition, associated com- 
plex feeding traces have been in some cases referred to the ich- 
nogenus Lophoctenium (Ekdale and Bromley, 2001a). 

Although common for trails, trackways, and resting traces, this 
situation is by no means exclusive to this group of biogenic struc- 
tures. In fact, another common example is that of crustacean bur- 
rows (Fiirsich, 1973) (Fig. 1.4c). The type of wall in crustacean 
burrows is largely controlled by substrate grain size and degree of 
consistency. For example, Callichirus major reinforces its burrow 
wall with pellets in mobile, sandy substrates, and the resulting 
structure is known as Ophiomorpha. Flowever, the same species 
produces thin burrow linings in more stable sandy or silty sedi- 
ments, or burrow walls ornamented with bioglyphs in firm, com- 
pacted, silty substrates, forming the ichnogenera Thalassinoides 
and Spongeliomorpha, respectively. Intergradational forms reveal- 
ing the transition of one ichnotaxa into another have been called 
“compound ichnotaxa” (Pickerill, 1994), and are fairly common 
in the ichnological record (see Section 2.4. 1). 

In addition to substrate, food supply is another factor that 
controls burrow morphology. This is illustrated by the amphipod 
Corophium volutator, which is a suspension feeder constructing 
simple vertical burrows {Skolithos) in sandy substrates and a 
detritus feeder producing U-shaped burrows (Diplocraterion) 
in silty, nutrient-rich sediment (Seilacher, 1953a; Reise, 1985; 
Bromley, 1990, 1996). 

1.2.3 THE SAME ICHNOTAXON MAY BE PRODUCED 
BY MORE THAN ONE ORGANISM 

The same ichnotaxa can be produced by many different animals, 
revealing behavioral convergence. In most cases, it is simply not 
possible to establish a one-to-one relationship between produ- 
cer and biogenic structure. As a general rule, the simpler a trace 
fossil is, the weaker the link between the biogenic structure and 
its producer. Simple grazing trails, such as Helminthoidichnites, 
may be produced by nematomorphs, insect larvae, ostracodes, 
annelids, and many other benthic organisms (Buatois et al., 
1998a). The simple vertical burrow Skolithos is known to be the 
product of annelids, phoronids, siphunculids, crustaceans, and 



probably insects and spiders (Schlirf and Uchman, 2005). The 
trackway Diplichnites records the impressions of multiple undif- 
ferentiated locomotory appendages, and has been attributed to 
many different types of arthropods, including centipedes, mil- 
lipedes, onicophorans, and trilobites (Buatois et al., 1998b) 
(Fig. 1.5a). Even burrow systems, such as Thalassinoides, which 
are currently attributed to decapod crustaceans, occur in lower 
Paleozoic rocks predating the appearance of thalassinideans 
and callianasids, indicating that other arthropods were prob- 
ably able to produce similar structures (Carmona et ah, 2004). 

On the other hand, complex structures can be linked with 
more confidence to a group of producers. For example, the ich- 
nogenus Tonganoxichnus is attributed to apterygote monuran 
insects based on detailed morphological features and behav- 
ioral evidence (Mangano et al., 1997). However, even in this 
case, a one-to-one link cannot be established because other non- 
flying insects (e.g. Archaeognatha) are potential producers of 
Tonganoxichnus. Perhaps the closest relationships between trace 
fossils and their producers can be established with certain insect 
nests, mostly termites and bees (e.g. Genise, 1997). 

Although the precise paleobiological affinity cannot be deter- 
mined, morphological features may provide enough information 
on burrowing technique and anatomy to establish a link with a 
certain group of organisms. Examples of this are represented by 
Curvolithus (turbelarians, gastropods), Asteriacites (asteroids, 
ophiuroids), Scolicia (irregular echinoids), Bichordites (irregular 
echinoids), Protovirgularia (bivalves), and Bergaueria (actinari- 
ans, cerianthids, pennatulaceans), among many others. As clearly 
elaborated by Bromley (1981, 1990, 1996), the practical result of 
this principle is that biological and ichnotaxonomic classifica- 
tions should be kept separate. 

1.2.4 MULTIPLE ARCHITECTS MAY PRODUCE A 
SINGLE STRUCTURE 

A single structure may reflect the work of more than one produ- 
cer operating either at more or less the same time or in succes- 
sive bioturbation events. The first situation typically results from 
s3Tnbiotic or commensalist relationships (see Section 6.7). The 




Figure 1.5 Characteristics of trace fossils, (a) The same ichnotaxon may be produced by more than one organism. A wide variety of arthropods, 
including centipedes, millipedes, onicophorans, and trilobites, are potential producers of Diplichnites gouldi. Upper Carboniferous, Tonganoxie 
Sandstone, Stranger Fomation, Buildex Quarry, Kansas, United States. See Buatois et al. (1998b). (b) Multiple architects may produce a single struc- 
ture. Concentration of Chondrites isp. within “phantom burrows”. The high concentration of Chondrites helps to delineate the previously emplaced 
structure that otherwise would have remained undetected. Upper Cretaceous, Horgazu Formation, Covasna Valley, Romania. Scale bars are 1 cm. 
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standard examples are that of the lobster Nephrops norvegicus, 
the crab Goneplax rhomboids, and the fish Lesueurigobius friessi, 
which usually produce independent structures in offshore muds 
from Scotland, but occasionally construct an interconnected 
burrow system (Atkinson, 1974). Although this is not uncom- 
mon, judging from modem examples, recognition of this type of 
relationships in the trace-fossil record is extremely problematic. 
Similar examples are illustrated by burrows constructed by the 
thalassinidean shrimp Neaxius acanthus but also inhabited by 
the gobiid fish Austrolethops wardi (Kneer et al., 2008; Liu et ah, 
2008). However, in this case the fish apparently does not rework 
the burrow and, therefore, the resulting structure is essentially 
the product of the shrimp. The second situation is illustrated by 
abandoned biogenic structures that are reoccupied by a different 
organism, which is remarkable common in the trace-fossil record 
(Fig. 1.5b). A typical example is represented by Chondrites and, 
to a lesser extent, Phycosiphon, which may rework the infill of 
feeding and dwelling burrows, such as Diplocraterion, Cladichnus, 
Gyrolithes, or Thalassinoides, presumably for feeding purposes. 
This situation is also common in paleosol insect traces (Genise 
and Laza, 1998; Mikulas and Genise, 2003). For example, the bee- 
tle ichnotaxon Monesichnus ameghinoi displays an internal gallery 
system {Lazaichnus fistulosus) probably produced by cleptopara- 
sites (Mikulas and Genise, 2003). Pickerill (1994) coined the term 
“composite ichnotaxa” for forms that apparently comprise a sin- 
gle burrow system, but actually result from the interpenetration of 
individual discrete ichnofossils (see Section 2.4.2), while Mikulas 
and Genise (2003) called them “traces within traces”. 

1.2.5 PRODUCERS ARE COMMONLY SOET-BODIED 
ANIMALS THAT ARE RARELY PRESERVED 

The body-fossil record is strongly biased towards the groups 
that have developed hard parts. In contrast, trace fossils com- 
monly record the activities of soft-bodied animals, which make 
up most of the biomass of a community (Pemberton et ah, 
1990) (Fig. 1.6a). This principle results from the facts that the 
trace-fossil record is biased towards the activities of infaunal 
organisms and that the presence of skeletons is commonly det- 
rimental for infaunal life. Life within the substrate provides 
protection from environmental stress (e.g. salinity fluctuations, 
erosion, and desiccation), and biological pressure (e.g. preda- 
tion). Accordingly, infaunal representatives of many groups 
of animals, including mollusks, crustaceans, and echinoderms, 
display a trend to reduce or even eliminate their exoskeleton. 
For example, efficient burrowers, such as callianassids and upo- 
gebids, have significantly reduced calcification of the exoskel- 
eton. In the same vein, deep-infaunal echinoderms have thinner 
shells than their epifaunal or shallow-infaunal counterparts. 

However, examples of the producer preserved in direct asso- 
ciation with the biogenic structure have been documented, albeit 
rarely, in the trace-fossil record. Vertebrate bones preserved 
inside burrows are related with obrution events (e.g. Voorhies, 
1975). The classic example among the invertebrates is that of 
crustacean claws preserved within Thalassinoides burrow systems 




Figure 1.6 Characteristics of trace fossils. Producers are commonly soft- 
bodied animals that are rarely preserved, (a) Bergaueria hemispherica is 
produced by burrowing sea anemones. Although these organisms have 
a remarkably low preservation potential as body fossils, their burrows 
are common in the fossil record. Lower Cambrian, Gog Group, Lake 
Moraine, Rocky Mountains, western Canada. See Pemberton and 
Magwood (1990). (b) Rusophycus pudicum. Upper Ordovician, Corryville 
Formation, Maysville Group, Cincinnati, Ohio, United States, (c) 
Flexicalymene meeki in place associated with the R. pudicum specimens 
shown in (b) One of the unusual cases of producer preserved in connec- 
tion with the trace fossil. Scale bars are 1 cm. See Osgood (1970), 

(Sellwood, 1971; Bromley and Asgaard, 1972a; Mangano and 
Buatois, 1991). More exceptional are ophiuroids preserved on 
the resting traee Asteriacites (West and Ward, 1990; Mikulas, 
1990) and trilobites on the resting trace Rusophycus (Osgood, 
1970) (Fig. 1.6b-c). Body fossils of arthropods preserved at the 
end of their trackway have also been doeumented. For example, 
the horseshoe crab Mesolimulus is preserved at the end of the 
trackway Kouphichnium in the Jurassic Solnhofen lithographic 
limestone (Barthel et ah, 1990; Seilacher, 2007a). 

Because the burrows themselves provide an appropriate 
microenvironment for body fossil preservation, any shell 
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Figure 1.7 Characteristics of trace fossils. Trace fossils are commonly preserved in rock units that are otherwise unfossiliferous. (a) The U-shaped 
burrow Tissoa promotes the formation of minerals that concentrate along tube walls and forms a long axis of conical to cylindrical calcareous 
concretions. Note the presence of two burrow openings (arrows) indicating a U-shaped morphology. Upper Cretaceous, Hidden Lake Formation, 
Obelisk Col, James Ross Island, Antarctica. Scale bar is 1 cm. See Buatois and Lopez Angriman (1992a). (b) Abundant vertical burrows (Skolithos 
linearis) expressed as circular cross-sections on bedding plane. Lower to Middle Cambrian Campanario Formation, Angosto de Perchel, northwest 
Argentina. Although trace fossils are abundant in this unit, no body fossils have been recovered with the exception of a few linguliformean brachio- 
pods. See Mangano and Buatois (2004b). Lens cap is 5.5 cm. 



that accidentally falls within a burrow may escape destruc- 
tion by early diagenesis, subsequent bioturbation, and phys- 
ical reworking, and successfully cross the fossilization barrier 
(Bromley, 1990, 1996). Repeated storms may lead to accumu- 
lation of abundant skeletal material within callianassid bur- 
rows producing tubular tempestites (Tedesco and Wanless, 
1991). The temptation to establish a genetic link between 
the burrow system and the preserved body fossils should be 
resisted at any cost. The standard example here is the deli- 
cate preservation of bryozoans trapped inside Thalassinoides 
paradoxicus in chalk (Voigt, 1959, 1974). Another example 
is the occurrence of the infaunal bivalve Wilkingia within 
Thalassinoides-like burrows (Maerz et ah, 1976). 

1.2.6 TRACE FOSSILS ARE COMMONLY PRESERVED 
IN ROCK UNITS THAT ARE OTHERWISE 
UNFOSSILIFEROUS 

This characteristic derives, at least in part, from the previously 
outlined fact that trace fossils being produced by soft-bodied 
faunas have very low preservation potential. In addition, condi- 
tions leading to the preservation of trace fossils are remarkably 
different than those of body fossils. Accordingly, field parties 
commonly split into two factions, body-fossil paleontologists 
rushing into mudstone intervals and ichnologists browsing 
through sandstone and mudstone interfaces. In particular, dia- 
genetic processes that may lead to destruction of body fossils 
may enhance trace fossils because burrow walls reinforced with 
mucus act as focus for mineral precipitation. 

In some cases, the biogenic structure may promote the forma- 
tion of diagenetic minerals (see Section 1.3.2). The U-shaped 
burrow Tissoa forms the long axis of conical to cylindrical 



calcareous concretions due to the formation of minerals that 
concentrate along tube walls (Frey and Cowles, 1969; Buatois 
and Lopez Angriman, 1992a) (Fig. 1.7a). Concretionary flint 
in chalk results from silicification of burrow systems, such 
as Thalassinoides, Ophiomorpha, Zoophycos, and Bathichnus 
(Bromley and Ekdale, 1984a). 

This differential preservation of trace fossils with respect to 
body fossils is of great importance because it is not uncommon 
that biogenic structures represent the only biotic evidence in 
many rock units. For example, thick successions of Cambrian- 
Ordovician quartzites commonly devoid of body fossils contain 
abundant trace fossils that allow paleoecosystem reconstructions 
(e.g. Mangano and Buatois, 2004b) (Fig. 1.7b). In the case of ver- 
tebrates, although footprints and bones may be present separately, 
there are many examples of co-occurrence (e.g. Lockley, 1991). 

1.2.7 THE SAME BIOGENIC STRUCTURE MAY 
BE DIFFERENTIALLY PRESERVED IN VARIOUS 
SUBSTRATES 

The same burrowing technique may lead to apparently dispar- 
ate biogenic structures if produced under contrasting substrate 
conditions, both in terms of degree of consistency of the sub- 
strate, grain size, and stratal position. The nature of the sub- 
strate is essential to determine the feasibility and efficiency of 
the burrowing technique, and strongly influences the resultant 
morphology of the trace fossils. The most significant practical 
consequence of this characteristic is a persistent taxonomic 
nightmare for ichnologists. This problem is clearly illustrated by 
the ichnogenus Nereites and its multiple preservational variants, 
such as Neonereites, Scalarituha, and Phyllodocites (see discus- 
sion by Uchman, 1995 and Mangano et al., 2000). Essentially, 
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Nereites consists of a central tunnel enveloped by a zone of 
reworked sediment, but its preservation is highly dependent on 
substrate. Chamberlain (1971) demonstrated that single speci- 
mens could be preserved as lobes or pustules at the base of sand- 
stone layers (Neonereites preservation) or as median furrows 
with reworked lobes on both sides on top of beds (Scalarituha, 
Nereites, or Phyllodocites preservation). 

Another striking example is that of chevronate locomo- 
tion traces of nuculoid bivalves represented by the ichnoge- 
nus Protovirgularia and its plethora of preservational variants, 
such as Walcottia, Uchirites, Imbrichnus, and Chevronichnus 
(Rindsberg, 1994; Seilacherand Seilacher, 1994; Mangano etal., 
1998, 2002a). The morphology of these locomotion trace fossils 
is highly controlled by substrate consistency (Fig. 1 .8a-c). These 
ichnotaxa do not represent major behavioral differences; they 
mainly record changes in the degree of dewatering and other 
related properties of the sediment. The locomotion mechanism 
of bivalves is based on rhythmic changes of shape performed 
by their single muscular foot (Trueman, 1966; Seilacher and 
Seilacher, 1994). In nuculoid bivalves, which have a bifurcated 
foot, the repetition of this cycle is recorded by the undertrace, 
which commonly displays diagnostic chevronate morphology 
(Seilacher and Seilacher, 1994). The distance between two chev- 
rons represents each sequential set of movements and each 
chevron indicates the site of anchoring of the foot flaps within 
the sediment. Sharp, closely spaced chevrons account for short 
steps, with the animal struggling to advance in stiff, resistant 
sediment. Longer distances between chevrons may reflect rela- 
tively coherent, but less resistant substrates, resulting in lower 
shell friction, and allowing smoother and easier movement 
during the protraction phase. Sediment that is too fluid may 
result in irregular and highly deformed trace-fossil morpholo- 
gies, recording the diflflculties of the foot in obtaining a secure 
anchorage (Mangano et al, 1998; Carmona et al., 2010). 

1.2.8 TRACE FOSSILS COMMONLY HAVE LONG 
STRATIGRAPHIC RANGES 

The large majority of ichnofossils displays long stratigraphic 
ranges, commonly spanning most, if not all, of the Paleozoic. 
A smaller number, including mostly very simple forms, has 
even originated in the Ediacaran (e.g. Helminthoidichnites and 
Palaeophycus) (Fig. 1.9a-c). Interestingly, this fact does not 
seem to indicate a common producer through geological time, 
but rather the activity of different types of animals involved in 
the production of a single ichnotaxon through the Phanerozoic. 
Accordingly, this characteristic reveals behavioral convergence, 
and is directly linked to the previously discussed principle that 
states that a single ichnotaxon may be produced by many differ- 
ent animals. Certain behavioral strategies were established rela- 
tively earlier in the history of metazoan life and have remained 
relatively unchanged. Obviously, this characteristic makes trace 
fossils of limited use in biostratigraphy (see Chapter 1 3). As with 
every rule, this one also has its exceptions (Seilacher, 2007b). 
Some complex structures produced by insect trace fossils have 




Figure 1.8 Characteristics of trace fossils. The same biogenic structure 
may be differentially preserved in various substrates, (a) Imbrichnus 
wattonensis. Forest Marble Formation, Jurassic, Forest Marble, Dorset, 
England. See Hallam (1970). (b) Walcottia rugosa. McMillan beds, 
Ordovician, Cincinnati, Ohio, United States. See Osgood (1970). (c) 
Uchirites triangularis. Guarico Formation, Eocene, Boca de Uchire, 
Venezuela. See Macsotay (1967). These three forms represent different 
preservational variants of a chevronate locomotion trace fossil of a cleft- 
foot bivalve, reflecting various degrees of substrate consistency and cor- 
responding preservation of the chevrons. They are now all included in 
a single ichnogenus, Protovirgularia. Scale bars are 1 cm. See Seilacher 
and Seilacher (1994) and Mangano et al. (1998, 2002a). 

more limited stratigraphic ranges, representing departures to 
this principle (Genise, 2004). To a lesser extent, the same can 
be said of biogenic structures produced by micro and macro- 
bioerosion that commonly have narrower stratigraphic ranges 
than most burrows, trails and trackways (Bromley, 2004; Glaub 
and Vogel, 2004). In addition, a fair number of ichnotaxa seem 
to be restricted to the early Cambrian, including Psammichnites 
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Figure 1.9 Characteristics of trace fossils. Trace fossils commonly have 
long stratigraphic ranges. Helminthoidichnites tenuis (a) Lower Cambrian, 
Puncoviscana Formation, San Antonio de Los Cobres, northwest 
Argentina. Scale bar is 1 cm. See Buatois and Mangano (2003a). (b) Upper 
Carboniferous, Agua Colorada Formation, Cantera La Laja, northwest 
Argentina. Scale bar is 1 cm. See Buatois and Mangano (2003a). (c) 
Lower Cretaceous, La Hu&guina Limestone Formation, Las Floyas fos- 
sil site, central Spain. Scale bar is 5 cm. See Buatois et al. (2000). 

gigas, Didymaulichnus miettensis, and several ichnospecies of 
Oldhamia (see Section 13.4). 

1.2.9 TRACE FOSSILS COMMONLY HAVE NARROW 
ENVIRONMENTAL RANGES 

Although this characteristic applies more accurately to trace- 
fossil associations rather than to individual ichnotaxa, it reveals 
in any case the fact that biogenic structures are strongly con- 
trolled by environmental factors and, therefore, they tend to 
occur preferentially in certain environments of deposition. For 



example, a number of ichnotaxa are almost exclusively from 
deep-marine environments, including Paleodictyon (Fig. 1 . 10a), 
Helicolithus, Spirorhaphe, Desmograpton, Helminthorhaphe 
(Fig. 1.10b), and Urohelminthoida. Typical shallow-marine 
trace fossils include Psammichnites, Curvolithus, Daedalus, and 
Arthrophycus. Another set of trace fossils, such as Termitichnus, 
Vondrichnus, Celliforma, and Coprinisphaem, are exclusive to 
terrestrial environments. The combination of this character- 
istic with the fact that trace fossils display long stratigraphic 
ranges makes them of great importance in paleoecology, allow- 
ing comparisons of rocks of different ages formed in similar 
depositional environments. Certainly, this is at the core of the 
ichnofacies concept (see Section 4.1). 

I.2.I0 TRACE FOSSILS ARE RARELY TRANSPORTED 

Trace fossils represent the in-situ record of biogenic activity. 
Almost invariably, they have not suffered secondary displacement. 
Accordingly, trace fossils reveal a more intimate link with the host 
substrate. This characteristic reveals another of the strengths of 
trace fossils in paleoecological and paleoenvironmental recon- 
structions. As with the other principles, some exceptions can be 
mentioned. First, some trace fossils, most notably borings, can be 
transported together with the host medium. These include logs 
bored with Teredolites and bioeroded shells and clasts. Second, 
burrows with strongly reinforced walls are resistant to erosion 
and reworking, and may be subject to transport. Fragments of 
crustacean galleries, typically Ophiomorpha (Fig. l.lla-c) and 
beetle nests, such as Coprinisphaera, fall into this category. In par- 
ticular, the wasp ichnogenus Chubutolithes is constructed around 
plant stems, but subsequently drops to the soil and is reworked by 
fluvial processes (Genise and Cladera, 2004). 

1.3 PRESERVATION OF TRACE FOSSILS 



Any trace-fossil description should provide an accurate charac- 
terization of preservational aspects. Two main preservational 
facets can be distinguished: toponomy and physiochemical proc- 
esses of preservation and alteration (Frey and Pemberton, 1985). 
Toponomy comprises the description and classification of bio- 
genic structures with respect to their mode of preservation and 
occurrence. Mode of occurrence is usually defined according to 
the position of the structure on or within the stratum, or relative 
to the casting medium. Also included within toponomy are the 
mechanical processes involved in the fabrication of the structure 
(stratinomy) and its alteration (taphonomy). 

I.3.I STRATINOMIC CLASSIFICATIONS 

Schemes of stratinomic classification (Fig. 1.12) have been pro- 
posed by Simpson (1957), Seilacher (1964b), and Martinsson 
(1970), and are addressed below in chronological order. Summaries 
and discussions of these classification schemes have been pub- 
lished elsewhere (e.g. Hallam, 1975; Frey and Pemberton, 1985). 
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Figure 1.10 Characteristics of trace 
fossila Trace fossils commonly have 
narrow environmental rangea Some 
ichnotaxa represent extremely sophisti- 
cated feeding strategies that are almost 
exclusive to deep-marine environmenta 
(a) Paleodictyon majus. Zumaya Flysch, 
Lower Eocene, Guipuzcoa, Spain. See 
Crimes (1977). (b) Helminthorhaphe 
jlexuosa. Lower Eocene, Guarico For- 
mation, Boca de Uchire, Venezuela. See 
Macsotay (1967). Scale bars are 1 cm. 




Figure 1.11 Characteristics of trace 
fossils. Trace fossils are rarely trans- 
ported. In situ Ophiomorpha burrow 
systems and reworked burrow frag- 
menta Pleistocene, Pehuenco coast, 
Buenos Aires province, Argentina, 
(a) General view of in situ burrow sys- 
tems (arrows), (b) Close-up of bur- 
row systems (arrows). Scale bar is 10 
cm. (c) Reworked burrow fragments 
(arrow) in a coastal conglomerate. 
Lens cap (below arrow) is 5.5 cm. 
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Figure 1.12 Block diagram illustrating the terms used in the stratinomic 
classifications of Seilacher (1964b) and Martinsson (1970). 

SIMPSON’S CLASSIFICATION 

Simpson (1957) established four preservational categories: bed- 
junction, concealed bed-junction, diagenetic, and burial preser- 
vations. Bed-junction preservation includes trace fossils preserved 
in relief at a bed junction. Concealed bed-junction preservation 



refers to individual burrows that appear to be isolated within an 
interval of different lithology (Fig. 1 . 1 3a). Diagenetic preservation 
includes ichnofossils preserved as nodule or nodule protuberances 
formed during early diagenesis (Fig. 1.13b). Burial preservation 
refers to filled burrows that have been subsequently exhumed by 
currents winnowing away the associated soft matrix. 

SEILACHER’S CLASSIEICATION 

Seilacher (1964b) proposed a preservational scheme that com- 
prises two separate sets of terms, descriptive and genetic, which 
represents a modification of a previous classification (Seilacher, 
1953a). Descriptive terms are essentially based on the relation- 
ship of the trace fossil to a casting medium, which is usually 
sandstone. Two main subdivisions, full relief and semirelief, 
were established. A third category, biodeformational structures, 
was also defined. Full-relief structures are preserved within the 
stratum (Fig. 1.13c). Semirelief structures are preserved at litho- 
logical interfaces and have been in turn subdivided into epirelief 
(preserved at the top; Fig. 1.13d-e) or hyporelief (preserved at 
the base; Fig. 1.13f-g) of the sandstone bed. Additionally, the 
terms concave (positive) and convex (negative) are used to pro- 
vide a picture of the trace-fossil relief Finally, biodeformational 




Figure 1.13 Examples of preservational categories, (a) Concealed bed-junction preservation. Firmground Thalassinoides filled with coarse-grained 
sand in prodelta mudstone. Lower Miocene, Tacata Field, Western Venezuela Basin. Core width is 9 cm. See Buatois et al. (2008). (b) Diagenetic 
preservation. Silicified Diplocraterion parallehim Middle Miocene, Socorro Formation, Quebrada El Pauji, northwestern Venezuela. Scale bar is 1 
cm. (c) Full-relief preservation. Lingulicimus verticalis Lower Triassic, Montney Formation, Sturgeon Lake area, west-central Alberta, Canada. Core 
width is 8 cm. See Zonneveld and Pemberton (2003). (d) Negative epirelief The arthropod trackway Protichnites isp. associated with ripple marks. 
Upper Cambrian, Cairnside Formation, Postdam Group, slab exhibited at the Fossil Garden at Buisson Point Archaeological Park, Melocheville, 
Quebec, Canada. Coin is 2.4 cm. (e) Positive epirelief. Psammichnites iniplexus locally preserved along ripple troughs. Upper Carboniferous, Stull 
Shale, Kanwaka Formation, Waverly fossil site, Kansas, United States. Scale bar is 1 cm. See Mangano et al. (2002b). (f) Negative hyporelief 
Psammichnites grunmla. Note well-developed holes (siphon marks) along a median line and prominent levees on both sides of the trace. Upper 
Carboniferous, Stull Shale, Kanwaka Formation, Waverly fossil site, Kansas, central United States. Scale bar is 1 cm. See Mangano et al. (2002b). 
(g) Positive hyporelief. Paleodictyon minimum. Lower to Middle Eocene, Tarcau Sandstone, Siriu Dam, Romania. Scale bar is 1 cm. See Buatois et 
al. (2001). (h) Cross-section view of mammoth undertracks (arrows). Mammoth National Park. South Dakota, United States. Scale bar is 10 cm. 
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structures are not defined with respect to the casting medium, 
but refer to sediment disturbances of biological origin, such as 
poorly defined burrow mottling. 

Genetic terms refer to the assumed relationship of the trace 
fossil to the contemporary surface rather than that of the trace- 
maker. These include exogenic, endogenic, and pseudoexo- 
genic. Exogenic refers to surficial traces covered by sediment 
that differs from that of the host layer. Endogenic includes 
those structures actively or passively filled within the host bed. 
Pseudoexogenic comprises traces formed in a homogeneous 
medium, but subsequently uncovered by erosion and recast 
with sand. The terms active and passive can be further added 
to distinguish between active backfill of the trace fossils from 
subsequent sedimentation infill. Chamberlain (1971) proposed 
a slight modification of Seilacher’s scheme with the suggestion 
of replacing the term exogenic by epigenic. 

A special case of semirelief preservation has been named 
cleavage relief and comprises structures seen on cleavage surfaces 
within intervals of monotonous lithologies (Frey and Pemberton, 
1985). This style is commonly associated with preservation of 
vertebrate and arthropod undertracks (Goldring and Seilacher, 
1971; Frey and Pemberton, 1985) (Fig. 1.13h). It has been argued 
that most fossil trackways are not formed at the sediment surface, 
but reflect deformation of subsurface laminae during production 
of the trackway at the surface. This can be typically detected by 
carefully parting the laminae to reveal vertical repetition of the 
appendage imprints. Undertrack preservation has been elegantly 
demonstrated in limulid trackways by Goldring and Seilacher 
(1971). These authors also detected what was referred to as an 
undertrack-fallout effect by showing that the most delicate and 
superficial imprints tend to disappear with sediment depth. 

MARTINSSON’S CLASSIFICATION 

The classification system proposed by Martinsson (1970) has 
a lot in common with that of Seilacher (1964b), including the 
fact that it is also based on the relationship of the trace fossil 
to a casting medium. Four preservational categories were intro- 
duced: epichnia, hypichnia, endichnia, and exichnia. Epichnial 
preservation comprises structures preserved at the upper sur- 
face of the casting strata, while hypichnial preservation includes 
those preserved at the lower surface of the casting strata. In both 
epichnial and hypichnial preservations, the terms grooves and 
ridges are used to denote negative and positive reliefs, respect- 
ively. Endichnial preservation refers to structures preserved 
within the casting medium and exichnial preservation comprises 
those preserved outside the casting medium. 

EVALUATION OF THE CLASSIFICATION SCHEMES 

Of these classification systems, those of Seilacher and Martinsson 
are the ones that have met with most acceptance. Both are very simi- 
lar and attempt to be comprehensive. Seilacher (1964b) carefully 
distinguished descriptive and genetic terms. For example, a struc- 
ture preserved as positive hyporelief may have been formed: (1) as 



an open burrow system connected to the sediment-water interface 
that was subsequently filled by sand (e.g. graphoglyptids on tur- 
bidite soles); (2) within the sediment along the sand-mud interface 
(e.g. most specimens of Cruziana); or (3) within a homogeneous 
fine-grained sediment that was subsequently erosionally exhumed 
and filled by sand. The advantage of Martinsson’s scheme relies 
in its simplicity, but a certain amount of mixing of preservational 
and genetic aspects in the definition of his terminology represents 
a problem (Jensen, 1997). Simpson’s system is hardly used now- 
adays, and it is definitely not comprehensive. However, it has been 
rightly noted that the scheme contains some useful ideas, such 
as the notion of concealed bed-junction preservation and burial 
preservation (Frey and Pemberton, 1985). In addition, the classifi- 
cation is not strictly stratinomic because it also takes into consid- 
eration diagenetic aspects (see Section 1.3.2) that are overlooked 
in the other classifications. 

1.3.2 PHYSIOCHEMICAL PROCESSES OE 
PRESERVATION AND ALTERATION 

Physiochemical processes of preservation and alteration fall 
within the realm of diagenesis, and can be quite variable and com- 
plex. However, they are still poorly understood although there 
is an increased recognition of their importance (Simpson, 1957; 
Frey, 1975; Bromley and Ekdale, 1984a; Frey and Pemberton, 
1985; Bromley, 1990, 1996; Schieber, 2002; Mcllroy et al, 
2003; Pemberton and Gingras, 2005; Needham et al., 2006). 
Unfortunately, no classification based on diagenetic features is 
available yet. Early diagenesis is particularly relevant when deal- 
ing with trace fossils in carbonates. Organic material and mucus in 
Thalassinoides linings serve as a nucleus for CaCO, precipitation 
resulting in the formation of nodular limestones (Eiirsich, 1972). 
Spectacular examples of diagenetically enhanced trace fossils also 
occur in chalk in the form of flint concretions (e.g. Bromley and 
Ekdale, 1984a) (see Section 1.2.6). The influence of diagenesis on 
biogenic structures is also of paramount importance in alkaline 
lakes (Scott et al, 2007a). These authors evaluated the interplay 
of diagenesis and animal-sediment interactions, and analyzed 
the role of efflorescent salt crystallization, substrate wetting and 
drying, and benthic microbial mats and biofllms. In recent years, 
different studies have emphasized the links between burrowing 
and diagenesis (e.g. Mcllroy et al., 2003; Pemberton and Gingras, 
2005; Needham et ah, 2006). In particular, the importance of bio- 
turbation in enhancing permeability in hydrocarbon reservoirs 
has been stressed (Pemberton and Gingras, 2005). 

1.4 ETHOLOGY OF TRACE FOSSILS 



Trace fossils are primarily evidence of animal behavior (see Section 
1.2.1). Accordingly, understanding the ethological significance of 
trace fossils lies at the very core of ichnology, and virtually any 
valuable inference stems from it (Fig. 1.14). It is unsurprising that 
the ethological classification of trace fossils is one of the most 
popular in ichnology. This system of classification was proposed 
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Figure 1.14 Ethological classifica- 
tion of trace fossils. Modified from 
Bromley (1996). 



originally by Seilacher (1953a) and is based on the establishment 
of a small number of ethological categories. The original system 
consists of five categories: resting traces (cubichnia), locomo- 
tion traces (repichnia), grazing traces (pascichnia), feeding traces 
(fodinichnia), and dwelling traces (domichnia). These five categor- 
ies represent the basic building blocks of behavioral interpreta- 
tions in ichnology. However, refinements have been suggested to 
take account of additional behaviors. For example, Frey (1973) 
added a sixth category for escape traces or fugichnia, and Ekdale 
et al. (1984) suggested another one for farming traces and traps or 
agrichnia. To this list we should add predation traces or praedichnia 
(Ekdale, 1985) and equilibrium traces or equilibrichnia (Bromley, 
1990). In recent years, new ethological categories were added for 
the work of some ten-estrial insects and bioeroders. Nesting traces 
or calichnia (Genise and Bown, 1994a) and pupation chambers 
or pupichnia (Genise et al, 2007) belong to the first group, while 
fixation/anchoring traces or fixichnia (Gibert et al, 2004) and bio- 
claustration structures or impedichnia (Tapanila, 2005) fall within 
the latter. Seilacher (2007a) introduced death traces or mortichnia. 
Other categories may be considered as subdivisions of the major 
ones. For example, Genise and Bown (1994a) noted that calichnia 
may include building traces or aedifichnia, previously proposed by 
Bown and Ratcliffe (1988). Verde et al. (2007) documented aes- 
tivation chambers in paleosols, but recommended recognition of 
further cases to evaluate whether creating a new ethological cat- 
egory is advisable or whether this should be considered a subset 
of domichnia. In addition, Genise (1995) made the point that 
substrate selection is an integral part of behavior and introduced 



xylichnia for wood borings, but placed it as a subcategory of fodin- 
ichnia. Unsuccessful attempts at escape have been referred to as 
taphichnia by Pemberton et al. (1992b), but included in fugichnia 
by Bromley (1996). Needless to say, most trace fossils represent 
more than one activity and overlap among categories reflects com- 
mon intergradations. The category polychresichnia was proposed 
for trace fossils that represent many simultaneous multiple behav- 
iors and uses (Hasiotis, 2003). However, this situation is the rule 
rather than the exception and, therefore, a discrete ethological cat- 
egory is unnecessary. Excellent summaries of the ethological classi- 
fication have been published by Frey and Pemberton (1984, 1985), 
Ekdale (1985), and Bromley (1990, 1996). 

1.4.1 RESTING TRACES OR CUBICHNIA 

Resting traces are produced by vagile organisms that temporar- 
ily dig down, forming shallow depressions, seeking protection 
from predators or that simply stop their usual activities during 
quiescent moments. Strictly speaking, few tracemakers actu- 
ally rest and different subordinate behaviors may be involved 
(Bromley, 1990, 1996). For example, some resting traces are 
linked to feeding purposes. Ophiuroids, common producers of 
Asteriacites, dig in the sediment searching for prey and shift- 
ing their position at intervals. Resting traces of the ghost crab 
Ocypode quadrata are associated with hydration and respiration 
(Martin, 2006a). On morphological grounds, resting traces 
clearly reflect the latero-ventral anatomy of their producers (Fig. 
1.15a). As a consequence, resting traces can be ascribed to their 




Figure 1.15 Examples of the original ethological categories established by Seilacher (1964b). (a) Resting trace (cubichna) Tonganoxidmus build- 
exensis. Note morphological evidence of the latero-ventral anatomy of its producer, a monuran insect. The anterior region is characterized by the 
presence of a frontal pair of maxillary palp impressions, followed by a head impression and three pairs of conspicuous thoracic appendage imprints 
symmetrically opposite along a median axis. The posterior region commonly exhibits numerous delicate chevron-like markings, recording the 
abdominal appendages, and a thin, straight, terminal extension. Upper Carboniferous, Tonganoxie Sandstone, Stranger Fomation, Buildex Quarry, 
Kansas, central United States. See Mangano et al. (1997, 2001a). Scale bar is 1 cm. (b) Giant arthropod locomotion trace (repichnia) Diplidmites 
cuitliensis. Two rows of imprints produced by the locomotory appendages of a terrestrial myriapod are recorded. Upper Carboniferous, El Cobre 
Canyon Formation, El Cobre Canyon, New Mexico, southwest United States. See Lucas et al. (2005). Scale bar is 10 cm. (c) Grazing trail (pascich- 
nia) Nereites irregularis. Note highly specialized guided meanders evidencing efficient covering of the substrate. Paleogene, Rhenodanubian Flysch, 
IToflein Wiener Wald, Austria. Scale bar is 1 cm. See Uchman (1999). (d) A.steridmus isp.. Upper Ordovician, Letna Formation, Chrustenice, Czech 
Republic. See Prantl (1945) and Mikulas (1998). Scale bar is 1 cm. (e) The U-shaped dwelling trace (domichnia) Diplocraterion. Lower Jurassic, 
Staithes Sandstone Formation, Staithes Harbour, North Yorkshire Coast, England. See Taylor and Pollard (1999). Scale bar is 1 cm. 





The basics of ichnology 



20 



makers with a higher degree of certainty than other categories. 
Although discrete resting traces do occur, intergradations with 
locomotion traces (e.g. Rusophycus-Cruziana) or escape traces 
(Lockeia-Protovirgularia wattonensis) commonly occur. The 
typical preservation is as positive hyporelief, although negative 
epireliefs can occur. Examples of resting traces are Lockeia, 
Tonganoxichnus (Fig. 1.15a), Tripartichnus, Selenichnites, 
Asteriacites, Rusophycus, Medousichnus, Raaschichnus, and 
Limulicubichnus. Landing traces or volichnia (Walter, 1983) are 
best included within cubichnia. 

1.4.2 LOCOMOTION TRACES OR REPICHNIA 

Locomotion traces result from animals that move from one place 
to another. The main activity here is displacement of the produ- 
cer. Other activities, such as feeding, might be involved but they are 
not reflected by the biogenic structure. As for almost all trace fos- 
sils, locomotion traces are typically produced by benthic animals. 
However, fish swimming close to the sediment-water interface may 
occasionally touch the bottom leaving locomotion trails ( Undichna). 
Because of this, the term “locomotion trace” is preferred to the 
most widely used “crawling trace”. The morphology of the trace 
fossil is directly related to the locomotion mechanism involved (e.g. 
locomotory appendages in arthropods and tetrapods, and muscular 
foot in bivalves). Trackways represent a typical example (Fig. 1 . 1 5b), 
but continuous horizontal trails are also common. Morphologies in 
this latter case include bilobate traces, simple trails, and chevronate 
traces. Complex traces suggestive of systematic probing due to feed- 
ing activities are excluded. Although less informative of the anat- 
omy of the producers, locomotion traces may shed some fight on 
the type and number of appendages involved in locomotion, as well 
as on the role of muscles used for displacement. Locomotion traces 
are invariably preserved as positive hyporelief or negative epireliefs, 
and are essentially bedding-plane trace fossils formed either at the 
sediment-water/air interface or along lithological interfaces. 
Examples include a wide variety of tetrapod and arthropod track- 
ways, such as the ichnogenera Umfolozia, Kouphichnium, Diplichnites 
(Fig. 1.1 5b), Permichnium, Mirandaichnium, Octopodichnus, and 
Paleohelcura, among many others. Locomotion trails are repre- 
sented by Cruziana, Gyrochorte, Diplopodichnus, Didymaulichnus, 
and Protovirgularia. As indicated by Bromley (1990, 1996), swim- 
ming traces (natichnia of Muller, 1962, and Walter, 1983), and run- 
ning traces (cursichnia of Walter, 1983) are best included under the 
more general repichnia. 

1.4.3 DEATH TRACES OR MORTICHNIA 

Death traces refiect the last movements of the makers that are 
preserved together with their trace fossils. Even post-mortem 
convulsions may be recorded (Seilacher, 2007a). These are 
unique cases in which a trace fossil is attributed without any 
doubt to a producer. They are typically arthropod trackways, 
such as those of limulids and crustaceans, ending in a body 
fossil. Less common examples include those of bivalves and 
gastropods preserved at the end of their burrows and trails. 



respectively, and tail traces produced by fish. Death traces are 
almost invariably preserved in anoxic settings as a result of the 
activity of animals that were transported by turbidity currents 
into the anoxic zone. With the exception of Telsonichnus, which 
resulted from the final movements of the shrimp Antrimpos 
(Seilacher, 2007a), no formal names have been proposed for 
death trace fossils. Taxonomic names originally proposed for 
locomotion structures (e.g. Kouphichnium) are commonly used. 

1.4.4 GRAZING TRACES OR PASCICHNIA 

Grazing traces refiect a combination of locomotion and feed- 
ing because the animal searches for food while traveling. They 
represent the activity of mobile, infaunal deposit feeders or epi- 
faunal detritus- feeding organisms, and typically include forms 
that are more regular than trails that simply reflect locomotion 
(Fig. 1.15c). These trails are unbranched and horizontal, vary- 
ing from simple, straight grooves that may reflect overlapping to, 
more typically, non-overlapping, curved, circular, and meander- 
ing, including tight guided meanders. Trail complexity reveals the 
degree of sophistication involved in the feeding pattern. In con- 
trast to locomotion and resting traces, anatomic information on 
the producers of grazing traces is mostly unavailable (although 
some general morphological information, such as the length of the 
animal can be readily inferred). As a result, connections between 
the trace and its producer are difficult to establish. As with loco- 
motion traces, grazing traces are preserved as positive hyporelief 
or negative epireliefs. They are typical bedding-plane trace fossils 
formed either at the sediment-water/air interface or along litho- 
logical interfaces. Examples of grazing traces are Gordia, Mermia, 
Helminthoidichnites, Archaeonassa, Psammichnites, Helminthopsis, 
Nereites (Fig. 1.15c), Bichordites, and Scolicia. Helminthorhaphe 
and Cosmorhaphe may belong to this category, although other 
authors tend to include them in agrichnia. 

1.4.5 FEEDING TRACES OR FODINICHNIA 

Feeding traces represent combined dwelling and feeding activ- 
ities. They are typically produced by infaunal deposit feeders 
that develop an “underground mining” strategy. Morphologies 
are variable, ranging from simple to extremely complex. 
Intergradations with dwelling traces are common, and some 
structures are difficult to place in one category or the other. 
Common patterns include simple burrows, branched burrow 
systems, radial structures, and U-shaped tubes. Spreite forma- 
tion is quite typical. Evidence of active infill (e.g. backfill) by 
the organism is almost diagnostic. In contrast to the previously 
described categories, orientation with respect to the bedding 
plane is highly variable, including horizontal, inclined, and 
vertical traces. Little, if any, anatomic information is provided 
by feeding traces. Endichnial preservations are the most com- 
mon. Examples include Asterichnus (Fig. 1.1 5d), Aslerosoma, 
Arthrophycus, Rhizocorallium, Treptichnus, Dictyodora, 
Lophoctmium, Teichichnus, Daedalus, Syringomorpha, 
Gy rophy Hites, Dactyloidites, and Phycodes. 



1.4 Ethology of trace fossils 



21 




Figure 1.16 Examples of the subse- 
quently added ethological categor- 
ies. (a) The farming trace (agrichnia) 
Spirorhaphe involuta. Lower Eocene, 
Guarico Formation, Boca de 
Uchire, Venezuela. See Macsotay 
(1967). Scale bar is 1 cm. (b) Escape 
traces (fugichnia) (arrows) in tem- 
pestite. Upper Permian, San Miguel 
Formation, Mallorquln # 1 core, 
Paraguay. Core width is 8 cm. (c) 
Equilibrium structure (equilibrich- 
nia) Scalichnus (arrow) produced 
by the bivalve Atrina (see body 
fossil of the producer preserved at 
the top of the structure). Lower 
Miocene, Chenque Formation, 
Caleta Olivia, Patagonia, Argentina. 
See Carmona et al. (2009). Scale 
bar is 5 cm. (d) Predation trace 
(praedichnia). Modern termite nest 
reworked by a myrmecophagous 
mammal. Matjiesgloof Farm, South 
Africa. Scale bar is 10 cm. See Fey 
(2010) (e) The nesting trace (cal- 
ichnia) Coprinisphaera ecuadorien- 
sis (arrows). Pleistocene, Cangagua 
Formation, Quito, Ecuador. See 
Laza (2006). Lens cap is 5.5 cm. 



1.4.6 DWELLING TRACES OR DOMICHNIA 

Dwelling traces comprise permanent domiciles constructed by 
infaunal organisms, commonly sessile suspension feeders and 
passive predators. Less commonly, active predators and deposit 
feeders also construct dwelling traces. Emphasis is on dwelling, 
but other activities may be involved. The category encompasses 
not only burrows but also borings in hard substrates. The morph- 
ology ranges from simple burrows to U-shaped tubes (Fig. 1.1 5e) 
and branched burrow systems. Dwelling traces are typically verti- 
cal to oblique, but horizontal burrows may occur. Burrow linings 
are common, reflecting construction of permanent structures. 
Burrow diameter tends to be quite constant, reflecting tracemaker 
width. Dwelling traces are preserved as endichnia. Examples 
of dwelling traces are Skolithos, Arenicolites, Diplocraterion 
(Fig. 1.1 5e), Ophiomorpha, Thalassinoides, Monocraterion, 
Caniborygma, Lunulichnus, and Palaeophycus. 



1.4.7 TRAPS AND FARMING TRACES OR AGRICHNIA 

Agrichnia includes complex and extremely regular burrow systems 
that are referred to as graphoglyptids. These structures represent 
combined dwelling and feeding activities, and are thought to be 
produced for bacterial farming or as traps to capture meiofauna 
or microorganisms (Seilacher, 1977a). Burrow morphologies 
include branched meanders, spirals (Fig. 1.16a), and nets. These 
patterns are typical of the deep sea, but have been compared 
with modern spirals formed in intertidal areas by the polychaete 
Paraonis fulgens for trapping diatoms (Roder, 1971; Papentin and 
Roder, 1975; Seilacher, 1977a; Minter et al., 2006). However, some 
graphoglyptids display multiple exits and side branches that sug- 
gest bacterial farming rather than trapping (Seilacher, 1977a). The 
burrows are maintained as open tunnels in hemipelagic mud, very 
close to the sediment-water interface and, therefore, no active infill 
occurs. They are subsequently excavated by turbidity currents and 
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Box 1.2 The ethology of Zoophycos 

Zoophycos is one of the most complex trace fossils (Fig. 1.17a-h). Several constructional models have been proposed to 
account for its intricate morphology and its ethological significance. Hardly a year passes without a new paper on Zoophycos. 
Richard Bromley (1991) elegantly summarized the different available models for Zoophycos. Because of the large morpho- 
logical variability of Ordovician to Recent Zoophycos, it is likely that there is no single universal “correct” model and, instead, 
models should be applied on a case-by-case basis. It is even possible that the Zoophycos animal displays a behavioral plasticity 
that allows for shifts in feeding strategies and trophic types if necessary. 

Strip-mine model: This model implies a deposit-feeding strategy for the Zoophycos producer. In this model, the spreite is the 
result of sediment feeding and waste disposal occurring simultaneously. This is a low-cost system based on minimal sediment 
transport. However, the discovery by Nobuhiro Kotake that the Zoophycos producer introduces sediment from the sediment- 
water interface in the form of excreted pellets militates against the strip-mine, deposit-feeding model. 

Detritus-feeding model: A detritus-feeding strategy is supported by the downward conveyance of sediment involved in 
Zoophycos. However, this is definitely a high-cost system and its viability remains unclear. 

Refuse-dump model: This model attempts to reconcile the two apparently contradictory facts that the Zoophycos-iniAXmg 
material is derived from a higher level and that the spreite is suggestive of a deposit-feeding strategy. Solving this contradic- 
tion requires that the preconstructed cavity is the result of deposit feeding and that the resulting material is conveyed upwards, 
while sediment from the surface is conveyed downwards to maintain the narrow form of the tube. This model is consistent with 
the generally accepted deep-tier nature of Zoophycos. However, as in the previous model, this is a high-cost system. 

Cache model: Evidence from marine benthic ecology suggests that the flux of food supply varies periodically and, as a result, 
some organisms squirrel away food to be used later. The cache model implies that the Zoophycos producer feeds at the surface, 
but also conveys organic material downwards, using the burrow as a storage place for times of reduced food supply. This model 
is consistent with both the well-accepted downward convection and the deep-tier nature of Zoophycos. 

Gardening model: This model adds another level of complexity to Zoophycos behavior. It has been noted that the thin bur- 
row-fill laminae have a large interface with the surrounding sediment, and that a long marginal tube runs around the perimeter 
of the spreite. According to the gardening model, the Zoophycos animal uses the surface sediment as a carrier of microbes and 
cultivates bacteria within the marginal tube. This model is consistent with the overall complexity of the burrow. 

References: Seilacher (1967a, 2007a); Simpson (1970); Wetzel and Werner (1981); Kotake (1989, 1991, 1994, 1997); Bromley (1991); M.F. 
Miller (1991); Ekdale and Lewis (1991a); Wetzel (1992); Gaillard and Olivero (1993); Fu and Werner (1995); Olivero and Gaillard (1996, 

2007) ; Bromley et a!. (1999); Miller and d' Alberto (2001); Bromley and Hanken (2003); Lowemark and Schaffer (2003); Knaust (2004a, 

2008) ; Lowemark et al. (2006, 2007). 



cast by the turbidite sand. Accordingly, graphoglyptids are pre- 
served as a positive hyporelief at the base of turbidite sandstones. 
Examples of agrichnia are Spirorhaphe (Fig. 1.16a), Belorhaphe, 
Helicolithus, Urohdminthoida, Paleomeandron, Desmograpton, 
Paleodictyon, Megagrapton, and Protopaleodictyon. It has been 
suggested that some deeper branching burrow systems may be 
included in agrichnia, such as Chondrites (Seilacher, 1990a; Fu, 
1991; Bromley, 1996) and Pragichnus (Mikulas, 1997). In add- 
ition, farming has been suggested as the feeding strategy involved 
in the helically coiled spreiten burrow Zoophycos (Fu and Werner, 
1995) (Box 1.2), and the sinusoidal crustacean burrow system 
Sinusichnus (Gibert, 1996; Buatois et al., 2009a). 

1.4.8 ESCAPE TRACES OR EUGICHNIA 

Escape traces include structures formed in response to rapid 
changes in sedimentation, typically event deposition. Animals 
are forced to rapidly readjust their burrows to avoid burial. 
Lateral escape from predators may be included in this category 
(Bromley, 1990, 1996). The polychaete Scolelepis squamata 
forms sinusoidal trails similar to Cochlichnus to escape from 
predators (Behrends and Michaelis, 1977). This latter group of 



escape traces is difficult, if not impossible, to recognize in the 
fossil record. In any case, typical escape structures are revealed 
by the vertical repetition of dwelling traces, commonly form- 
ing not only cone-in-cone morphologies (Fig. 1.16b) but also 
U-in-U traces. Burrow walls are poorly defined and unlined, 
reflecting rapid sediment reworking. These structures are invari- 
ably preserved as endichnial structures. Bivalves and sea anemo- 
nes usually produce escape traces. Because their morphology is 
so simple, it is common practice among ichnologists not to give 
formal ichnotaxonomic treatment to escape traces (e.g. Hanken 
et al., 2001). As noted by several authors, care should be exer- 
cised to avoid confusing escape traces with physical collapse fea- 
tures (Frey and Pemberton, 1985; Buck and Goldring, 2003). 

1.4.9 EQUILIBRIUM TRACES OR EQUILIBRICHNIA 

Equilibrium traces encompass structures formed in substrates 
affected by progressive aggradation and degradation. In con- 
trast to escape traces, equilibrichnia comprises more gradual 
adjustments under background sedimentation reflecting the 
fact that infaunal organisms live at a certain depth with respect 
to the sediment-water interface. Displacements include upward 
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Figure 1.17 Morphological variability 
and different expressions of Zoophycos. 
(a) Bedding-plane view of a large speci- 
men showing a complex spiral form and 
lobes with well-developed primary lamel- 
lae. Middle Ordovician, Tabuk Group, 
northern Saudi Arabia. Scale bar is 1 
cm. (b) Bedding-plane view of a small 
specimen showing a eomplex spiral form 
and lobes with well-developed marginal 
tube. Upper Cretaceous, Amden Beds, 
Faneren area, Switzerland. Scale bar is 
1 cm. See Wetzel (2003). (c) Bedding- 
plane view of a large specimen showing 
a simple planar form and lobes with 
well-developed primaiy lamellae. Upper 
Cretaceous, Siliceous Marl, Rzyki, Outer 
Carpathians, Poland. Scale bar is 1 cm. 
See Uchman and Gieszkowski (2008a). 

(d) Bedding-plane view of a large spe- 
cimen showing a complex spiral form 
and lobes with well-developed primary 
lamellae. Note horizontal section of 
axial shaft (arrow). Upper Cretaceous, 
Rabot Formation, Rabot Point, James 
Ross Island, Antarctica. Length of ham- 
mer is 33.5 cm. See Buatois et al. (1993). 

(e) Cross-section view of specimen 
showing axial shaft and successive lobes 
Upper Cretaceous, Rabot Formation, 
Rabot Point, James Ross Island, 
Antarctica. Lens cap is 5.5 cm. See 
Buatois et al. (1993). (f) Cross-section 
view of specimen showing successive 
lobes Lower Cretaceous, Kotick Point 
Formation, Kotick Point, James Ross 
Island, Antarctica. Scale bar is 1 cm. See 
Buatois and Mangano (1992). (g) Cross- 
section view of specimen in core show- 
ing lamina consisting of alternating 
dark- and light-colored menisci. Lower 
CretaceousMuderongShale Formation, 
Pluto Field, Camavon Basin, offshore 
Northwestern Australia. Scale bar is 
1 cm. (h) Cross-section view of specimen 
in core showing change in the orienta- 
tion of the backfilled. Lxtwer Cretaceous, 
Muderong Shale Formation, Pluto Field, 
Camavon Basin, offshore Northwestern 
Australia. Scale bar is 1 cm. 



movement as a response to aggradation and downward bur- 
rowing during substrate degradation. Under a rapid inerease in 
sedimentation rate, equilibrium traces grade into escape traces. 
Vertically oriented, spreite U- or V-shaped burrows represent 
the typical morphology and are preserved as endichnia struc- 
tures. The classical example is the vividly named Diplocraterion 
yoyo (Goldring, 1962). Rosselia socialis, a vertical fusiform bur- 
row attributed to terebellid polychaetes, is commonly stacked 
suggesting an equilibrium behavior (Nara, 2002). The bivalve 
Panopea generates equilibrium structures that have been 
included in the ichnogenus Scalichnus (Hanken et al., 2001). 



The bivalve Atrina also produces speetacular equilibrium/ 
adjustment structures by cutting and regenerating its byssum 
(Carmona et al., 2008) (Fig. 1.16c). 

1.4.10 PREDATION TRACES OR PRAEDICHNIA 

This category reflects predatory activities. The most common 
cases are those of borings in hard substrates, sueh as shells or, less 
commonly, bones. Round drill holes, gnawings and the chipped 
margins observed in gastropod and bivalve shells represent typi- 
cal morphologies. Examples include Oichnus and different types 
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of bites and durophagous scars. Predatory holes have also been 
recorded in the Ediacaran tubular shell Cloudina (Bengtson 
and Yue, 1992; Hua et ah, 2003). Walker and Behrens- Yamada 
(1993) have even documented structures due to failed predation 
by crabs in empty gastropod shells. Interestingly, predation by 
trilobites on worms has been suggested based on ichnological 
evidence (Bergstrom, 1973; Jensen, 1990; Brandt et ai, 1995). In 
particular, Jensen (1990) documented examples where the axis 
of the trilobite trace fossil Rusophycus dispar is nearly parallel 
to the worm burrows. Also, the worm burrows closely follow the 
curvature of the Rusophycus dispar trace and are commonly in 
contact with only one of its lobes, suggesting active predation. 
Kramer et al. (1995) described trackways of scorpions or spiders 
(Octopodichnus) and insects (Permichnium) that abruptly termin- 
ate against pelicosaur trackways (Laoporus), suggesting preda- 
tion on arthropods. Modern examples include termite nests that 
are reworked by myrmecophagous mammals, such as aardvarks 
and aardwolves (Taylor and Skinner, 2000) (Fig. 1.1 6d). 

1.4.11 NESTING TRACES OR CALICHNIA 

Calichnia comprises nests constructed or excavated by the 
adult insects for breeding purposes (Fig. 1.1 6e). Insect lar- 
vae are confined to cells or chambers that are provisioned 
by the adults. Nesting traces require specific substrate con- 
ditions, particularly with respect to humidity (Genise and 
Bown, 1994a; Genise et al., 2000). Excessive moisture inside 
cells leads to the decay of provisions, which are attacked 
by fungi and other saprobic organisms, whereas insufficient 
moisture results in the dehydration of larvae, which are not 
protected by a water-resistant cuticle like adults. Included in 
calichnia are beetle nests, such as Coprinisphaera (Fig. 1.16e) 
and Quirogaichnus, and bee cells (Celliforma). 

1.4.12 PUPATION CHAMBERS OR PUPICHNIA 

Pupichnia consists of structures produced by insects, which 
mostly live freely in soils or in vegetation, for their protection dur- 
ing pupation (Genise et al., 2007). The same individual that pro- 
duces the structure, later emerges from it, although in a different 
developmental stage. Examples include Fictoviclmus, Palliclmus, 
and Rebuffoiclmus. 

1.4.13 FIXATION/ANCHORING TRACES OR 
EIXICHNIA 

Fixichnia comprises superficial structures formed on hard sub- 
strate by sessile epilithic organisms to provide attachment. Two 
main groups of fixichnia are recognized: those formed by the 
anchoring of an organism by means of soft parts and those 
produced by the fixation of its skeleton (Gibert et al., 2004). 



Examples of fixichnia include Centrichnus, Podichnus, Renichnus, 
Stellichnus, and Leptichnus. 

1.4.14 BIOCLAUSTRATION STRUCTURES OR 
IMPEDICHNIA 

This category includes structures that record two distinct behav- 
iors during the construction of a cavity in skeletal material 
(Tapanila, 2005). The resulting structure, referred to as embed- 
ment by Bromley (1970) and bioclaustration by Tapanila (2005), 
is produced by the activity of the endosymbiont that inhibits skel- 
etal accretion of the host and by the host, which alters skeletal 
growth to accommodate the infesting organism. The bioclaus- 
tration structure also serves as a domicile for the endosymbi- 
ont. Examples of impedichnia are Helicosalpinx, Tremichnus, 
Chaetosalpinx, Hicetes, Klemmatoica, and Eodiorygma. 

1.4.15 DISCUSSION: COMPUEX TRACES AND 
EXTENDED ORGANISMS 

Undoubtedly, the ethological classification has been extremely 
successful. As noted by Frey and Pemberton (1985), the clas- 
sification is intentionally restricted to a small number of cat- 
egories and proliferation of new ones is not advisable, unless 
they are well founded. In any case, the more recent additions 
are valuable because they document behaviors that were not 
represented in the original Seilacherian scheme. As noted by 
Genise and Bown (1994a), the fact that the original categor- 
ies were based almost exclusively on marine ichnotaxa should 
result in some changes when dealing with behavior peculiar to 
terrestrial trace fossils. 

More recently, some authors suggested that complex trace fossils, 
such as Zoophycos, Paleodictyon, and Phymatoderma, cannot be 
accommodated in the traditional classification scheme (Miller, 1998, 
2002, 2003). The underlying idea is that these structures have been 
occupied for long intervals of time and seem to record some sort of 
active control of the habitat by the tracemaker. In particular, Miller 
and Yokes (1998) attempted to categorize trace fossils under two main 
groups: incidental or those that record a single or dominant behav- 
ioral activity and deliberate or those that represent restructuring of 
habitats, modulation of disturbances, and control of food resources. 
Incidental structures are typically simple, while deliberate structures 
are complex. These authors advocated a fabricational analysis of 
trace fossils that involved evaluation of construction, operation, 
and maintenance of burrow systems. This approach may be framed 
within the recent view of trace fossils as extended organisms (Turner, 
2000, 2003) or the notion of animals as ecosystem engineers (Jones 
et al., 1994). Although the application of this perspective to the fos- 
sil record remains to be tested more extensively, it provides a more 
active role for the tracemakers rather than a simple passive response 
to the prevailing environmental conditions (see Section 6.6). 
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In the final analysis, it is the morphology of the trace as an expression of animal behaviour that is the basis of the name. 

Richard Bromley 

Trace Fossils: Biology, Taphonomy and Applications (\996) 

As ichnologists we must admit that the introduction and discussion of different ichnotaxonomic philosophies reminds us of the 
inherent subjectivity in any scientific endeavor. Ostensibly the ICZN should constrain such subjective interpretation and bring order 
to the field. In practice this is difficult, and a certain degree of chaos and ambiguity still reigns. Nonetheless the science progresses, 
and names, however reliable or controversial, are used for descriptions and dialog between ichnologists. 

Martin Lockley 

“A tale of two ichnologies: the different goal and potential of invertebrate and vertebrate 
(Tetrapod) ichnotaxonomy and how they relate to ichnofacies analysis” (2007) 



Although it is not uncommon to find expressions of doubt 
about the need to use a formal taxonomy to classify trace fos- 
sils, ichnotaxonomic classification is an unavoidable companion 
to preservational and ethological schemes. If a formal name is 
available, simple descriptors (e.g. vertical burrows and meniscate 
traces) should be avoided. The ichnotaxonomic classification, 
albeit imperfect, provides the best common ground on which 
to base more theoretical elaborations and practical applications 
(Buatois et al., 2002a). In any case, in modern ichnology con- 
trasting philosophical perspectives have been adopted to clas- 
sify trace fossils. However, exchange of ideas during and after 
the 1998, 2002, 2006, and 2010. Workshops on Ichnotaxonomy 
have resulted in a growing consensus among practicing ichnolo- 
gists (Bertling et al., 2006). In this chapter, we turn our attention 
into the theoretical and practical aspects involved in classifying 
trace fossils from a taxonomic standpoint. We first address some 
philosophical problems involved in this approach. Then, we 
focus on a detailed review of the different ichnotaxobases cur- 
rently in use and the problems associated with compound and 
composite trace fossils. Subsequent to that, we move on to some 
recent ideas and proposals with respect to the uses of hierarchies 
in trace-fossil taxonomy and the peculiarities of vertebrate ich- 
notaxonomy. Finally, we review some practical aspects involved 
in the recognition of trace fossils in both outcrops and cores. 

2.1 APPROACH AND PHILOSOPHY 



As in the case of body-fossil taxonomists, the lumpers and the 
splitters represent two opposing ways of weighting trace-fossil 
morphology (Pickerill, 1994). Lumpers tend to cluster all exist- 
ing forms in a few essential ichnogenera and splitters find vis- 
ible morphological differences significant enough to create a 
plethora of new forms. From a philosophical perspective, lump- 
ers are certainly more inferential and splitters are more empir- 
ical. Lumpers tend to favor behavior over morphology, trying 



to define the basic ethology that relates a group of structures, 
while splitters remain reluctant to make invisible links among 
apparently dissimilar forms, tending to adopt morphology at 
face value. This confrontation is a revisitation of the old debate 
about the roles of observation and theory in science. In our 
view, it is impossible to adopt a strictly descriptive procedure to 
name ichnotaxa. Understanding of the behavioral significance, 
which implies different degrees of interpretation, is necessary. 
Although there should be a conscious effort to focus on signifi- 
cant morphological details, there is no such a thing as a purely 
morphological classification. The ichnotaxonomic classification 
is permeated by our understanding of the ethology. 

We fully agree with Bromley (1996, p. 166) that “in the final 
analysis, it is the morphology of the trace as an expression of 
animal behaviour that is the basis of the name”. To decipher the 
behavior of the tracemaker, however, may be quite a difficult task. 
Very frequently, morphology in itself is considered sufficient to 
define new ichnotaxa, although its ethological meaning is hardly 
understood. Some morphological features can be objective in the 
sense of being observable and easily recognizable, and they may 
still not deserve any consideration at any ichnotaxonomic level. A 
drastic difference in morphology may actually provide evidence of 
extrinsic controls, such as the degree of substrate consolidation, 
rather than behavioral determinants (see Section 6.1.2). As noted 
by MacNaughton and Pickerill (1995), taphonomy may negatively 
impact on ichnotaxonomic precision. As quality of preservation 
decreases, ichnotaxonomic identifications become less reliable. In 
most cases, taphonomic overprint may artificially increase trace- 
fossil diversity, although poor preservation may occasionally 
induce lumping. These authors introduced the notion of tapho- 
series to refer to ichnotaxa that could potentially be mistaken 
for each other (see also MacNaughton and Pickerill, 2003). Only 
morphological characters that are known to reflect significant 
behavioral traits should be considered (see Section 2.3). 

Because ichnofossils are commonly preserved in situ, the rela- 
tionship established between burrowing organisms and their 
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host substrate is so intimate that both components cannot be 
studied in isolation. The degree of connection between biogenic 
structures and the substrate is such that even strict taxonomic 
studies of trace fossils should not be done without a proper 
analysis of the associated substrate and the idiosyncrasies of 
trace-fossil taphonomy. An accurate understanding of the 
environmental conditions under which a trace fossil is created 
should illuminate our understanding of the biogenic structure, 
even if those factors are not formally considered in the nomen- 
clature of trace fossils (Goldring et al., 1997). When this guide- 
line is not followed, ichnologists are forced to deal with a large 
number of poorly defined ichnotaxa whose actual relevance is 
doubtful. In contrast to standard body-fossil taxonomy, ichno- 
taxonomy cannot be performed on purely observable morpho- 
logical grounds. While morphology is observed, behavior must 
be inferred. The degree of behavioral inference varies with each 
particular case. For example, in the simplest case, there is almost 
a continuum from the morphological observation of clearly 
preserved ventral anatomic features to the interpretation of a 
trace as a resting structure (e.g. Mangano et al., 1997). However, 
analysis of most trace fossils requires a larger inferential jump, 
involving knowledge of a complex array of biological, tapho- 
nomic, and environmental determinants. 

Advantages of a dual nomenclature (i.e. two separate names 
for biotaxa and ichnotaxa) as well as the risks involved in the bio- 
taxonomic identification of the tracemaker have been stressed by 
Bromley ( 1 990, 1 996) and Bertling et al. (2006). Attempts to avoid 
this approach (e.g. Dzik, 2005) create a large number of problems 
and give the false impression that a particular trace fossil can 
be directly linked to a producer [e.g. Treptichnus (Mankyodes) 
rectangularis invariably to priapulids]. In most cases behavioral 
convergence rules out establishing a one-to-one relationship 
between a producer and a trace fossil (see Section 1.2.3). The 
idea of replacing ichnotaxonomic names with vernacular names, 
such as “a trail of a worm on the sediment surface” (Dzik, 2005, 
p. 519) is impractical and represents a step backwards in ich- 
nological practice and communicability. Besides, one is tempted 
to ask “Was the trail actually produced by a worm?” and “Was 
it really produced on the sediment surface?” In soft substrates, 
some arthropods can leave a smooth trail undistinguishable 
from a worm trail (Mangano et al., 1996a; Davis et al., 2007). In 
addition, very few trace fossils actually represent the work of an 
animal moving on the sediment surface (i.e. epigenic); most of 
them record infaunal activities (i.e. endogenic). 

Another complication results from the inclusion of the actual 
taxonomic identification of the tracemaker as an essential com- 
ponent of naming trace fossils (e.g. Hasiotis and Bown, 1992). 
In the same vein, introduction of an environmentally based ich- 
notaxonomy is problematic at best (Hasiotis and Bown, 1992; 
Hasiotis, 2002). As noted by Buatois et al. (1997a), if biological 
or sedimentological criteria are applied to ichnotaxonomy, it 
will be virtually impossible to escape from circular reasoning 
when using trace fossils as an aid to interpret ancient deposi- 
tional environments. If Isopodichnus is named simply because it 
is present in continental red beds, it is tricky to use its occurrence 



as an evidence of continental deposition. The establishment of 
parallel ichnotaxonomic systems for marine, transitional, and 
continental ichnology proposed by Hasiotis and Bown (1992, 
p. 71) creates further problems. It is hard to provide a rationale 
that supports the idea of the same crustacean burrow receiv- 
ing different names in brackish and fully marine settings. If 
we restrict Ophiomorpha for fully marine environments, which 
name do we have to use for the same decapod burrow emplaced 
in the landward side of the barrier island facing the brackish- 
water lagoon? Such a taxonomic system undercuts the infor- 
mation potential of trace fossils in sedimentology, stratigraphy, 
and paleoecology (Buatois et al., 1997a). 

Maintaining the dual nomenclature certainly does not imply 
that biology does not play a significant role in trace-fossil tax- 
onomy. We strongly advocate a more active role for biology in 
ichnotaxonomy. Biology provides the “blood” that enhghtens 
the functional-morphology analysis of trace fossils. Although the 
detailed biology of the producers may remain unknown, under- 
standing the bauplan and biological affinities of the tracemakers 
is essential. Constructional possibilities are determined by intrinsic 
biological factors and, therefore, should be helpful in evaluating the 
relative significance of behavioral traits as reflected by trace-fossil 
morphology (Mangano et al., 2002a). In this sense, the biology of 
the tracemaker ends up playing a role, albeit indirect, in trace-fossil 
taxonomy. An adequate ethological interpretation of a morpho- 
logical feature is impossible without this biological framework. 

2.2 SOME PROBLEMS AND PRACTICAL GUIDELINES 



The problems that the practicing ichnologists should face result 
both from historical contingencies, and the intrinsic nature of 
ichnofossils. Among the historic factors, a large number of ich- 
notaxa, some of those of widespread use, were introduced during 
the nineteenth century when trace fossils were still regarded either 
as animal or plant body fossils (the so-called Age of Fucoids; 
Osgood, 1975). In accordance, the original diagnosis and descrip- 
tions of some of the most representative ichnotaxa include a 
plethora of zoological and botanical terms to name the morpho- 
logical elements of these biogenic structures (D’Alessandro and 
Bromley, 1987; Bromley, 1990, 1996). Another historical peculiar- 
ity derives from the fact that the 1964 edition of the International 
Code of Zoological Nomenclature (ICZN) established that trace- 
fossil names defined after 1930 should be accompanied by a state- 
ment on the identification of the tracemakers. Because fulfilling 
that requisite was virtually impossible, in practice, post- 1930 ich- 
notaxa became unavailable marking the beginning of what has 
been referred to as the “Dark Age of Ichnotaxonomy” (Bromley, 
1990, 1996). Fortunately, most ichnologists decided to keep a rea- 
sonable degree of order and treated valid and invalid ichnotaxa 
in the same way (Hantzschel, 1975). The requirement of identi- 
fying the producer was subsequently eliminated and trace fossils 
are now bounded by the ICZN. 

In addition, ichnotaxa have been introduced frequently in a 
rather chaotic and careless way. Some ichnotaxa have been poorly 
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diagnosed or illustrated, based on scarce or fragmentary mater- 
ial, or insufficiently compared with similar forms. Taxonomic 
revisions are extremely useful, but usually cannot keep pace with 
newly introduced forms. Proliferation of new ichnotaxa based 
on superfluous features, characteristics of uncertain ethological 
significance, and poorly preserved or scarce specimens should be 
avoided. As noted by Bertling et al. (2006), trackways are par- 
ticularly problematic because they are commonly represented by 
blurred or morphologically deviating undertracks or overtracks. 
Accordingly, only complete tracks should be used as a basis for 
establishing an ichnotaxon (see also Minter et al., 2007a). 

If possible, ichnotaxa should be classified at ichnospecific level 
to avoid losing potential information (Pemberton and Frey, 1982). 
However, in some cases, the quality of preservation precludes 
ichnospecific assignments. In other cases, confusion persists with 
respect to which criteria should be adopted to classify certain 
ichnogenera at ichnospecific level (e.g. Zoophycos). Open nomen- 
clature (i.e. the use of “cf ”, “affi”, and “?”) may be used in some 
cases (Bertling et al., 2006). Detailed procedures for the establish- 
ment of new ichnotaxa were outlined by Pickerill (1994). 

The fact that trace fossils have their own peculiarities 
that mark significant departures with respect to body fossils 
(see Section 1.2) further complicates trace-fossil taxonomy. 
It is fair to say that ichnotaxonomy has all of the problems 
of body-fossil taxonomy plus their own. The ICZN estab- 
lished that only fossil specimens should be named, and this 
rule certainly prevents ichnologists dealing with a plethora 
of ichnotaxa based on recent examples that only have very 
minor chances of being preserved in the fossil record. One of 
the underlying reasons is that it is commonly assumed that 
modern traces can be assigned to their producers on a case- 
by-case basis. However, continuous attempts to capture the 
elusive Paleodictyon producer demonstrate that this is not 
always the case (Rona et al., 2009). Identification and collec- 
tion of modern traces, particularly those produced in uncon- 
solidated substrates, are commonly much more difficult than 
with fossil material. Trace fossils are usually enhanced by dia- 
genetic processes that assist in their recognition (Magwood, 
1992). Most important, many biogenic structures are in fact 
cumulative structures, which consist of both abandoned and 
active components (Bromley and Frey 1974). Casts of modern 
cumulative structures only reflect the morphology of the open 
components that are actively occupied by the producer, result- 
ing in a simpler pattern than the actual overall architecture 
(Frey 1975; Frey and Seilacher, 1980; Magwood, 1992). 

However, this ICZN regulation has its problems. Unlike body 
fossils, the boundary between recent and fossil traces may be, on 
occasion, quite uncertain (Bromley, 1990, 1996; Bertling et al., 
2006). For example, ambiguous situations result from the uncer- 
tain status of modern borings (which may be considered fossils 
as soon as their producers die) and from modern burrows exca- 
vated in Pleistocene sediments (Bertling et al., 2006). The fact 
that some modern traces are identical to well-established trace 
fossils has led some ichnologists to refer them to the correspond- 
ing ichnotaxa (e.g. Ekdale, 1980; Wetzel, 1984; Gaillard, 1988). 



Some authors prefer to follow the code and name the produ- 
cer in connection with the biogenic structure (e.g. burrows of 
Upogebia pugittensis) (Rindsberg, 1990a), while others opt for 
using the prefix “incipient” before the ichnotaxon (e.g. incipient 
Thalassinoides) (Bromley and Fiirsich, 1980). In short, although 
discrepancies exist with respect to dealing with modern biogenic 
structures, there is general agreement that ichnotaxa should not 
be constructed on the basis modern material (Bromley, 1990, 
1996; Magwood, 1992; Pickerill, 1994; Bertling et al., 2006). 

Another distinction, which may be occasionally problem- 
atic, is that between body fossils and trace fossils. For example, 
bivalve internal moulds (steinkerns) may be associated with the 
resting trace Lockeia. In other cases, ornamented bivalve rest- 
ing traces resembling body fossils are connected to the locomo- 
tion trace Protovirgularia. However, careful examination of the 
chevron orientation in Protovirgularia indicates that the animal 
exited the resting structure (e.g. Mangano et al., 1998). Albeit 
similar to body fossils, these structures should be regarded as 
trace fossils. Distinction between plug-shaped burrows and body 
fossils of cerianthid or actinarian anemones has been historic- 
ally problematic particularly with Ediacaran specimens (Jensen, 
2003; Seilacher et al., 2005). In particular, the ichnogenera 
Bergaueria may be difficult to distinguish from the body fossils 
Beltanellifomis and Beltanelloides (e.g. Crimes and Germs, 1 982; 
Fedonkin, 1985; Crimes, 1992; Crimes and Fedonkin, 1996; 
Jensen, 2003); and the ring-like structure Intrites has alternately 
been regarded as a trace fossil and a body fossil (Fedonkin, 
1985; Crimes, 1994; Gehling et al., 2000; Jensen, 2003). 

2.3 ICHNOTAXOBASES 



Bromley (1990, 1996) noted that very little has been written on 
the characters that should be used to classify trace fossils. In 
an attempt to shed light on these issues, he introduced the con- 
cept of ichnotaxobases. An ichnotaxobase is a distinctive mor- 
phological feature of a trace fossil that displays significant and 
readily detectable variability and, therefore, is commonly used 
in ichnotaxonomic classifications (Bromley, 1990, 1996; Buatois 
et ah, 2002a). Both requirements should be met. Morphological 
variability should reflect behavioral functions, therefore illu- 
minating our ethological interpretation of a trace fossil. 
Additionally, an ichnotaxobase should be easily detectable in 
the sense of allowing uncontroversial identification. Five main 
ichnotaxobases (general form, wall and lining, branching, fill, 
and presence or absence of spreite) are discussed here. It should 
be noted, however, that each of these ichnotaxobases cannot be 
applied to every group of trace fossils. Arthropod trackways, 
insect nests, and vertebrate burrows or trackways, commonly 
pose their own problems to the ichnotaxonomist. For example, 
Laza (2006) illustrated the significance of the presence and pos- 
ition of the small egg chamber with respect to the large provi- 
sion chamber in the taxonomy of dung-beetle nests. 

In theory, those features that relate to major behavioral aspects 
should be used to differentiate ichnogenera, while those of lower 
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significance should be applied for ichnospecies (Fiirsich, 1974; 
Pemberton and Frey, 1982; Bromley, 1990, 1996; Bertling et al., 
2006). In practice, to determine which characters are of main 
significance is not always straightforward. Characters that are 
rejected as useful ichnotaxobases are size, producer, type of 
passive fill, substrate consistency, geological age, geographic 
location, facies-environment, and any preservational aspect 
(Magwood, 1992; Pickerill, 1994; Bertling et al., 2006). The 
role of substrate as an ichnotaxobase remains controversial (see 
Section 2.7). Bertling et al. (2006) suggested keeping separate 
trace fossils formed in lithic, woody, and soft substrates regard- 
less of morphological similarity, but at the same time cautioned 
against naming a new ichnotaxon based solely on a difference in 
substrate (see also Carmona et al., 2007). Taphonomy also plays 
a major role because, unfortunately, potentially useful ichno- 
taxobases may, in some cases, have lower preservation potential. 

2.3.1 GENERAL FORM 

The general form of a trace fossil represents its basic morpho- 
logical plan and includes configuration, orientation, and pos- 
ition with respect to stratification (Pickerill, 1994) (Fig. 2.1a-c). 
Configuration is determined by the spatial arrangements of the 
trace components and reveals what is usually visualized, at first 
sight, as a whole (gestalt). Examples of descriptors for configur- 
ation are hexagonal networks (Paleodictyon), meandering traces 
displaying two orders of meanders (Cosmorhaphe), and simple 
sinusoidal trails (Cochlichnus). In these examples, ichnogeneric 
classification is based essentially on their distinctive configuration. 
Orientation (e.g. vertical, inclined, or horizontal), and position 
with respect to stratification or toponomy (e.g. positive hypore- 
liefs and negative epireliefs; see Section 1.3.1) are also first-order 
ichnotaxobases that help to classify biogenic structures at the ich- 
nogeneric level. For example, RhizocoralUum and Diplocraterion 
share the same configuration (i.e. U-shaped burrows), but differ 
in their orientation, predominantly horizontal for the former and 
vertical for the latter. Other structures are essentially similar with 



respect to their basic configuration and orientation, but differ in 
stratal position. Examples are some horizontal bilobate trails, 
such as Didymaulichnus (positive hyporelief) and Gyrochorte 
(positive epirelief). In this case, stratal position reflects a com- 
pletely different mode of construction. Although size may influ- 
ence our perception of a structure, it should not be considered 
as a first-rank character, and is certainly a weak ichnotaxobase. 
However, size has been used in some cases to differentiate ich- 
nospecies substantiated by significant statistical analysis, as illus- 
trated with Paleodictyon (Uchman, 1995). Ontogenetic variations 
should be carefully evaluated (Pickerill, 1994). Bertling et al. 
(2006) expressed their reluctance to use size at the ichnospecies 
rank, and totally reject it at higher ranks. 

2.3.2 WALL AND LINING 

Bioturbation results in changes in the sediment and forma- 
tion of burrow mottlings and discrete structures with differ- 
ent degrees of definition, depending on their function and 
substrate consistency. For example, a trace that serves as a 
semipermanent domicile implies certain constructional traits 
(e.g. burrow lining) that are not present in a trace that reflects 
a simple incursion through the sediment by a vagile organism 
(intrusion sensu Bromley, 1990, 1996). In particular, details on 
burrow walls can reveal significant information on trophic type, 
burrowing technique, and biological affinity (Bromley, 1990, 
1996; Ekdale and Gibert, 2010). However, some aspects of the 
burrow wall lack ichnotaxonomic significance. Although dia- 
genetic haloes may be rather spectacular, they are related to the 
diagenetic history of the structure rather than animal behavior 
(Bromley, 1990, 1996). In contrast, more subtle constructional 
features of burrow walls serve as ichnotaxobases. 

Two main components are represented in a wall, internal lin- 
ing and external deformation in the host sediment (Bromley, 
1990, 1996). This author recognized seven main types of walls 
based on linings, ornamentation, and manipulation of sediment 
by the organism (Box 2.1): unlined walls (Fig. 2.2a), dust films 




Figure 2.1 Examples of general form, 
illustrating combinations of configur- 
ation, orientation, and preservation (a) 
//e/mmtiior/2a/7/ieisp.,horizontalguided 
meanders preserved as positive hypore- 
lief Eocene, Hecho Group, Huesca, 
Spanish Pyrenees. See Uchman (2001). 
(b) Gyrochorte isp, horizontal biblo- 
bate trail preserved as positive epire- 
lief Upper Cretaceous, Kennilworth 
Member, Blackhawk Formation, 
south entrance to Tusher Canyon, 
Book Cliffs, Utah, United States, (c) 
Gyrolithes isp. Lower Miocene, contact 
between the Lower Freshwater Molasse 
and the Upper Marine Molasse, BCobel, 
St. Gallen area, Switzerland. See Heer 
(1865) and Wetzel et al. (2010). Scale 
bars are 1 cm. 
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Figure 2.2 Types of walls, (a) 
Unlined wall in PlanoUtes mon- 
tanus. Upper Carboniferous, El 
Cobre Canyon Formation, El Cobre 
Canyon, New Mexico, United 
States. Coin is 1.9 cm. (b) Thin 
dust film in Palaeophycus tubularis. 
Permian, De la Cuesta Formation, 
Los Colorados de Patquia, La 
Rioja Province, western Argentina. 
Scale bar is 1 cm. See Buatois and 
Mangano (2004a). (c) Thick dust 
film in Schauhcylindrichnus coronus. 
Upper Cretaceous, Panther Tongue 
Member, Star Point Formation, 
Kennilworth Wash, Book Cliffs, 
Utah, United States. Scale bar is 1 cm. 
(d) Constructional lining with pellets 
arranged in transverse rows forming 
relatively continuous rings or annu- 
lations in Ophiomorpha annulata. 
Upper Miocene to Lower Pliocene, 
La Vela Formation, Quebrada el 
Muaco, La Vela de Coro, north- 
western Venezuela. Scale bar is 
1 cm. (e) Constructional lining with 
bilobate pellets in Ophiomorpha 
borneensis. Lower to Middle 
Miocene, Caiman Formation, 
Bryn Gwyn Paleontological Park, 
Chubut Province, Patagonia, south- 
ern Argentina. Scale bar is 1 cm. 
See Scasso and Bellosi (2004). (f) 
Constructional lining with orbit- 
oid forams. Middle Eocene, Punta 
Carnero Formation, Airport, 
Margarita Island, Venezuela. Lens 
cap is 5.5 cm. (g) Constructional lin- 
ing with shell material in a modern 
Diopatra cuprea. Gower Peninsula, 
Wales. Scale bar is 1 cm. (h) Zoned fill 
characterized by a pale mantle sur- 
rounding a dark core in Phycosiphon 
incertum. Lower Jurassic, Plover 
Formation, Sunrise-Troubadour 

Field, East Timor Sea, northern Australia. Scale bar is 1 cm. (i) Diagenetic oxidation haloes in Skolithos linearis forming a pipe rock. Lower to Middle 
Cambrian, Campanario Formation, Meson Group, Maimara, northwest Argentina. Scale bar is 10 cm. See Mangano and Buatois (2004b). (j) Wall 
ornament of Fuersichnus striatus characterized by a powerful bioglyph. Upper Cretaceous, Hidden Lake Formation, Brandy Bay, James Ross Island, 
Antarctica. Scale bar is 1 cm. See Buatois (1995). 



(Fig. 2.2b-c), constructional linings (Fig. 2.2d-g), zoned fills 
(Fig. 2.2h), wall compaction, diagenetic haloes (Fig. 2.2i), and 
wall ornament (Fig. 2.2J). Bioglyphs, engravings in the orna- 
mented walls of burrows or borings, result from various activ- 
ities of the tracemaker, including scratching, drilling, plucking, 
gnawing, poking, and etching (Ekdale and Gibert, 2010). 
Bertling et al. (2006) noted that surface features (sculpture) 
usually play a secondary role, and are diagnostic mostly at the 
ichnospecific level. Flowever, surface features and micromor- 
phological characters may be of higher ichnotaxonomic signifi- 
cance in insect nests (Genise and Flazeldine, 1998; Cosarinsky, 
2003; Genise, 2004). 



2.3.3 BRANCHING 

Presence and type of branching are commonly first-rank ichno- 
taxobases. Three main types of branching are recognized: second- 
ary successive, primary successive, and simultaneous (Bromley 
and Frey, 1974; D’Alessandro and Bromley, 1987; Bromley, 
1990, 1996). The so-called “false branching” simply consists 
of overlap between two specimens giving the false impression 
of branching. Secondary successive branching results from an 
animal that revisits a previously formed structure (Fig. 2.3a). 
Primary successive branching is a cumulative structure formed 
by successive probings and implies a series of movements by 
the producer, such as rotating and moving back and forth 
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Box 2.1 Types of wall 

Seven main types of walls are commonly recognized; 

• Unlined walls: The burrow fill abuts against the enclosing sediment at a clean discontinuity surface (Fig. 2.2a). 

Examples: Planolites, Taenidium. 

• Dust films: The burrow is lined with mucus, introducing dust that adheres on the wall. Linings may be thin (Fig. 2.2b) to 
thick (Fig. 2.2c). Examples: Palaeophycus, Schaubcylindrichnus. 

• Constructional linings: The burrow wall is constructed with sediment and special grains. Building materials include sedi- 
ment pellets of various shapes (Fig. 2.2d-e) and shell fragments (Fig. 2.2f-g). Examples: Ophiomorpha, Diopatrichnus. 

• Zoned fills: The apparent burrow lining is in fact the outermost layer of a concentrically zoned fill resulting from deposit 
feeding (Fig. 2.2h). Examples: Ancorichnus, Phycosiphon. 

• Wall compaction: The wall is bounded by an external zone showing disturbance as a result of burrowing. 

• Diagenetic haloes: The burrow wall has been affected by special diagenesis, enhancing visibility of the structure (Fig. 2.2i). 
Examples: Bathichnus, some specimens of Thalassinoides and Skolithos. 

• Wall ornament: Walls are characterized by bioglyphs (Fig. 2.2j). Examples: Spongeliomorpha, Scoyenia. 

Reference: Bromley (1990, 1996). 




Figure 2.3 Types of branching (a) 
Secondary successive branching. 
Taenidium isp. Upper Cretaceous, 
Santa Marta Formation, Santa Marta 
Cove, James Ross Island, Antarctica. 
Scale bar is 1 cm. See Scasso et 
al. (1991). (b) Primary successive 
branching. Chondrites arbuscula. 
Upper Cretaceous, Rhenodanubian 
Flysch, Voralpen, Austria. Scale 
bar is 1 cm. See Uchman (1999). (c) 
Simultaneous branching. Burrow 
systems assigned to the ichnospe- 
cies Thalassinoides siievicus. Upper 
Jurassic, Coralline Oolite Formation, 
Filey Brigg, North Yorkshire Coast, 
England. Person for a scale on the 
lower right. See Fiirsich (1972). 



(Fig. 2.3b). Simultaneous branching is represented by open 
passages in permanent or semipermanent domiciles, such as in 
galleries constructed by crustaceans (Fig. 2.3c). 

2.3.4 FILL 

Fills can be classified into two main categories: passive and active 
(Box 2.2). Such distinction, and the type of active fill are first-rank 



ichnotaxobases because they reveal information on trophic types 
and feeding strategies. On the other hand, the type of passive fill 
may provide sedimentological and sequence-stratigraphical infor- 
mation (see Section 12.2) rather than ethology and, therefore, 
should not be used as an ichnotaxobase (Bromley, 1990, 1996). 

Passive fill results from material entering the burrow gravi- 
tationally, and mostly characterizes the dwelling structures of 
suspension feeders and predators. Different types of passive 
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Box 2.2 Types of burrow fill 

Passive and active fill are the two major categories of burrow fill. While passive fill enters the burrow gravitationally, active fill 

is emplaced by the burrower. In turn, these two major categories are subdivided into many other types. 

• Passive massive fill similar to the host sediment: Material from the host sediment is introduced gravitationally into the bur- 
row (Fig. 2.4a). It is a common type of burrow fill in open gallery systems. Example: Palaeophycus. 

• Passive massive fill contrasting with the host sediment: Material from an overlying layer, typically coarser-grained, is intro- 
duced gravitationally into the burrow (Fig. 2.4b). This is also known as bed-junction preservation (Simpson, 1957) (see 
Section 1.3.1). It is typical of open burrows formed at discontinuity surfaces. Example: Firmground Thalassinoides. 

• Passive laminated fills: Eamination results from sedimentation within the burrow (Fig. 2.4c). An example of passive 
laminated fills is tubular tidalites, which consist of rhythmically bedded alternating layers of fine-grained and coarse-grained 
laminae deposited within open burrows resulting from tidal action (Gingras, 2008). Examples: Thalassinoides, Ophiomorpha. 

• Draught fill canals: Laminated fill in open burrows having a narrow entrance (Seilacher, 1968) (Fig. 2.4d). The narrow 
draught canal may be confused with a burrow itself reworking the fill of the larger. Example: Thalassinoides. 

• Irregularly concentric fills: Intermediate between passive and active because the structure results from gravitation, and 
sediment manipulation by the animal (Goldring, 1996). 

• Active massive fill: Structureless fill typically contrasting with the host sediment, resulting from mechanical manipulation 
or ingestion (Fig. 2.4e). It may be pelleted. Examples: Planolites, Macaronichnus. 

• Active meniscate fill: Fill forming a characteristic structure, commonly packed as backfill meniscae, resulting from 
mechanic manipulation or ingestion (Fig. 2.41). Examples: Scolicia, Taenidium. 

• Active concentric fill: (both simple or multiple): Burrow fill formed by concentric alternating layers of contrasting material 
(Fig. 2.4g). Examples: Rosselia, Cylindrichnus, Asterosoma. 

Reference: Bromley (1990, 1996). 



fills are recognized, including massive fills similar to the host 
sediment (Fig. 2.4a), massive fills contrasting with the host 
sediment (Fig. 2.4b), laminated fills (Fig. 2.4c), and draught 
fill canals (Fig. 2.4d) (Seilacher, 1968; Bromley, 1990, 1996; 
Goldring, 1996; Buatois et al., 2002a). Irregularly concentric 
fills are intermediate between passive and active because the 
structure results from gravitation and sediment manipulation 
by the animal (Goldring, 1996). 

Active fill implies active manipulation of material by the ani- 
mal, and commonly results in lithological contrasts between the 
trace and the host sediment. Most commonly, active fill is pro- 
duced by deposit and detritus feeders. Different types of active 
infill include massive fill (Fig. 2.4e), meniscate fill (resulting 
from mechanic manipulation or ingestion) (Fig. 2.4f), and con- 
centric (both simple or multiple) (Fig. 2.4g). 

2.3.5 SPREITE 

Spreite refers to a lamination that results from closely spaced 
successive tunnel walls formed by the lateral shifting of a bur- 
row (Bromley, 1990, 1996). Presence of spreite reveals either the 
ability of an animal to adjust its burrow as a response to instabil- 
ity at the sediment-water interface or to actively mine in search 
for food (Figs. 2.5, 2.6a-b, and 2.7). Its presence is useful as an 
ichnogeneric ichnotaxobase. The classic example is the distinc- 
tion between the U-shaped burrows Diplocraterion (with spreite) 
(Fig. 2.6a) and Arenicolites (without spreite) (Fig. 2.6b). 

Two types of spreite are recognized, protrusive and retrusive. 
Protrusive spreite is formed due to distalward movements (i.e. 



away from the apertures), while retrusive spreite is produced by 
proximalward movements (i.e. toward the apertures) (Bromley, 
1990, 1996) (Fig. 2.5). Careful analysis of the spreite may be useful 
in ichnotaxonomy of feeding structures (Fig. 2.7) both at ichno- 
generic (e.g. Lophoctenium, Zoophycos, Teichichnus, Phycosiphon, 
and Oldhamia) and ichnospecific (Oldhamia alata and O. genicu- 
lata) levels. However, the type of spreite is of no use at all for 
the ichnotaxonomy of equilibrium traces. In this latter case, a 
retrusive spreite reflects upward burrow migration as a response 
to increased sedimentation rate, while a protrusive spreite records 
downward burrow migration resulting from decreased sedimen- 
tation or slight erosion. Although of use for paleoenvironmental 
reconstructions (Goldring, 1964), its value in ichnotaxonomy is 
limited in this situation (Bromley, 1990, 1996). 

2.4 COMPOUND AND COMPOSITE TRACE EOSSILS 



2.4.1 COMPOUND TRACE FOSSILS 

Another peculiarity of trace-fossil taxonomy is the presence of 
compound and composite trace fossils (Pickerill, 1994; Pickerill 
and Narbonne, 1995). Compound trace fossils result from the 
changing behavior of a single producer, and can represent 
two different situations: successive or simultaneous formation 
(Bertling et ah, 2006) (Fig. 2.8). More commonly, the trace- 
maker behaves in distinct ways in chronological order, compris- 
ing intergradations of one ichnotaxon into another one either at 
ichnogeneric or ichnospecific level (see Section 1 .2.2). The typ- 
ical example is the transition between locomotion and resting 
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Figure 2.4 Different types of burrow 
fills, (a) Passive massive fill similar to 
the host sediment in Palaeophycus 
tuhularis. Upper Cambrian, Pico 
de Halcon Member, Santa Rosita 
Formation, Quebrada del Salto Alto, 
Purmamarca, northwest Argentina. 
Scale bar is 1 cm. See Mangano 
et al. (1996b). (b) Passive massive fill 
contrasting with the host sediment in 
firmground Thalassinoides. Contact 
between the Upper Cretaceous 
Burguita Formation and the Middle 
Eocene Gobernador Formation, 
Caipe Field, Barinas Basin, western 
Venezuela. Core width is 8 cm. (c) 
Passive laminated fill in Ophiomorpha 
nodosa. Cretaceous, Quinquina 
Formation, Cocholgiie, Chile. Scale 
bar is 1 cm. See Buatois and Encinas 
(201 l).(d) Thalassinoides. suevicus With 
draught fill canal Upper Cretaceous, 
Gramame Formation, Poty Quarry, 
northeast of Olinda, northeast Brazil. 
Lens cap is 5.5 cm. (e) Active massive 
fill illustrated by Planolites beverleyen- 
.sis. Upper Carboniferous, Malanzan 
Formation, Cuestita de la Flerradura, 
La Rioja Province, western Argentina. 
Scale bar is 1 cm. See Buatois and 
Mangano (1995a). (f) Active menis- 
cate fill resulting from ingestion in 
Scolicia isp Lower Miocene, Chenque 
Formation, Playa Las Cuevas, near 
Comodoro Rivadavia, Patagonia, 
southern Argentina. Scale bar is 
1 cm. See Carmona et al. (2008). 
(g) Active multiple concentric fill 
in Asterosoma isp. Lower Miocene, 
Oficina Formation, Oritupano field. 
Eastern Venezuela Basin. Scale bar 
is 1 cm. 



traces, such as trilobite locomotion traces (Cruziana) and resting 
traces (Rusophycus) (Crimes, 1970a; Mangano etal., 1996b), and 
bivalve loeomotion traces (Protovirgularia) and resting traces 
(Lockeia) (Mangano et al., 1998). Other ethological categories 
may be involved, sueh as transitions between the echinoid graz- 
ing trace Scolicia and its resting counterpart Cardioichnus (Smith 
and Crimes, 1983) (Fig. 2.8). In other instances, intergradations 
may occur within an ethological category as illustrated by crust- 
acean dwelling burrows, such as Ophiomorpha, Thalassinoides, 
and Gyrolithes (Bromley and Frey, 1974; Muiiiz et al., 1995). 
Typical examples at ichnospecific and ichnosubspecies levels are 
shown by transitions between trilobite trace fossils, such as C. 
rugosa furcifera and C. rugosa rugosa. 

Bertling et al. (2006) noted that these compound structures 
pose two problems in ichnotaxonomy if methods of biologi- 
cal taxonomy are applied: (1) an exceptional intergradation 
of ichnotaxa that are normally found separately would imply 



synonymization in all other occurrences, leading to invalidation 
of at least one established ichnotaxon, and (2) if the constitu- 
ents of a normally compound ichnotaxon are found separately, 
they would have to be named differently, as they form dis- 
crete trace fossils. However, following procedures of biologi- 
cal taxonomy is not advisable here. The standard practice with 
compound specimens is to name the whole structure for its pre- 
dominant component, taking careful note of the intergrada- 
tions (Pickerill, 1994; Pickerill and Narbonne, 1995). 

Another situation results when the producer may simultane- 
ously behave in various distinct ways. For example, Bromley 
et al. (2003) documented the trace fossil of a bivalve that used 
its foot to dig into the substrate and its siphons to collect food. 
A collective name, Hillichnus, was given in this case (Fig. 2.8). 
Most of these simultaneously produced compound trace fos- 
sils are complex trace fossils {sensu Miller, 1998, 2002, 2003) 
(see Section 1.4.15). However, not all complex trace fossils are 
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Figure 2.5 Types of spreite. In equilib- 
rium structures the spreite reveals the 
ability of an animal to adjust its burrow 
as a response to instability at the sedi- 
ment-water interface, while in feeding 
structures the spreite reflects an organism 
actively mining in search for food. 




Figure 2.6 Use of spreite to differ- 
entiate U-shaped trace fossils, (a) 
Spreite in Diplocraterion parallelum. 
Lower Cambrian, Dividalen Group, 
Imobekken, northern Norway. See 
Bromley and Hanken (1991). (b) 
Absence of spreite in Arenicolites. 
Lower to Middle Cambrian, Hanneh 
Member, Burj Formation, Dead Sea, 
Jordan. Scale bars are 1 cm. 



compound structures, because although more than one behav- 
ior is involved, discrete eomponents cannot be identified, and 
some behaviors may not be strictly simultaneous. Bertling et 
al. (2006) stated that if these compound superstructures mir- 
ror a recurrent pattern of behavior, then they deserve their own 
name, as illustrated by Hillichnus. 

2.4.2 COMPOSITE TRACE EOSSILS 

Composite trace fossils apparently comprise a single system, but 
actually result from the interpenetration of discrete ichnotaxa 



(Piekerill, 1994; Pickerill and Narbonne, 1995) (see Section 
1.2.4) (Fig. 2.8). A typical example is a structure that was 
referred to as Mixoteichichnus by Muller (1966), but that, in fact, 
consists of a specimen of Teichichnus intersected by Planolites 
(Pemberton and Frey, 1982). Common examples are discrete 
feeding or dwelling traces (e.g. Thalassinoides, Diplocraterion, 
Gyrolithes, and Cladichnus) that are reworked by Chondrites or 
Phycosiphon (e.g. Bromley and Frey, 1974; Ekdale and Bromley, 
1991; Buatois and Mangano, 1992) (Fig. 2.8). In some eases, 
a high concentration of traee fossils reworking a burrow helps 
to delineate the previously emplaced structure (“phantom” 
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Figure 2.7 Feeding spreite in long 
specimens of Rhizocorallium irre- 
gulare. Upper Jurassic, Lastres 
Formation, cliffs west of Playa 
de Espana, Quintes, Villaviciosa, 
Asturias, northern Spain. Scale bar 
is 5 cm. 
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Figure 2.8. Examples of compound (successive and simultaneous) and composite trace fossils. 



burrow) that otherwise would have remained undetected. Wood 
fragments with Teredolites enclosing sand-lined tubes produced 
by sabellariid polychaetes represent another example (Miller, 
1996). The feeding trace Piscichnus excavated by rays, and 
reworked by polychaetes (producers of Macaronichnus) also 
illustrates a composite structure (Kotake, 2007). In the realm 
of paleosol insect trace fossils, composite structures seem to be 
very common as illustrated by beetle nests (Monesichnus ameg- 
hinoi) that have been reworked by cleptoparasites, which in turn 
produced open galleries (Genise and Laza, 1998). Composite 
structures should not be named as a whole. Rather, discrete 
components should be named separately (Pickerill, 1994; 
Pickerill and Narbonne, 1995; Bertling et ah, 2006). 

2.5 HIERARCHIES IN ICHNOTAXONOMY 



Although trace fossils are different from body fossils, the clas- 
sical binominal scheme has been adopted. In contrast to body 



fossils, however, the terms ichnogenera (ichnogen. or igen.) and 
ichnospecies (ichnosp. or isp.) are used to make clear that the 
entity is a trace fossil rather than a body fossil. Traditionally 
ichnologists have treated trace fossils at these two main hier- 
archical levels. However, in recent years, it has become increas- 
ingly clear that additional categories may be of use (Buatois et 
al, 2002a) and a growing consensus is building in support of 
their importance (Bertling et al., 2006). In fact, ichnofamilies 
are formally accepted by ICZN (1999, Art. 10.3), and some 
have been proposed since the end of the nineteenth century 
(e.g. Chondriteae, Rhizocorallidae, and Arenicolitidae) based 
on morphology, albeit with limited ethological insights (e.g. 
Schimper and Schenk, 1890; Fuchs 1895, 1909). More recently, 
new ichnofamilies have been suggested (e.g. Walter, 1983; Fu, 
1991; Seilacher and Seilacher, 1994; Genise, 2000, 2004). 

Bromley (1996) noted that three main criteria have been 
used to group trace fossils in ichnofamilies: a common pro- 
ducer at high taxonomic level (e.g. Pelecypodichnia), mor- 
phological similarities based on anatomy of the producers 
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(e.g. Multipodichnia), and functional similarities based on 
morphology (e.g. Alectoruridae). The present consensus is 
that ichnofamilies should be based on trace-fossil morph- 
ology, not on the biology of the potential producer (Bertling 
et al., 2006). As indicated by Buatois et al. (2002a), the present 
challenge is to define ichnofamilies based on a common set 
of morphological traits of functional significance that allow 
links to be established among trace fossils related on con- 
structional grounds, regardless of phylogenetic relationships 
(Buatois et al., 2002a). Bertling et al. (2006) noted that many 
of the morphological groups of flysch ichnotaxa recognized 
by Ksiqzkiewicz (1977) and Uchman (1995, 1998) could be 
formalized as ichnofamilies. 

On the other side of the taxonomic spectrum, ichnosub- 
genera and ichnosubspecies are allowed in trace-fossil tax- 
onomy, but have been rarely used, particularly the former 
(Rindsberg 1990a). However, ichnosubspecies have been 
occasionally employed, and may be advisable in certain 
cases. For example, Mangano and Buatois (2003a) treated 
the components of the so-called Cruziana rugosa group as 
ichnosubspecies (C. rugosa rugosa, C. rugosa furcifera, and 
C. rugosa goldfussi), following a suggestion by Seilacher 
(1996). They noted that although these ichnotaxa are mor- 
phologically distinct, they are best regarded as ethological 
variations at the ichnosubspecies level rather than at the 
ichnospecies level. This scheme reflects more adequately the 
fact that differences among these ichnosubspecies are less 
significant than those between them and other Cruziana 
ichnospecies (e.g. C. semiplicata). Ichnosubspecies have 
been also suggested for some Arthrophycus ichnospecies 
(Seilacher, 2000). 

2.6 VERTEBRATE ICHNOTAXONOMY 



The relationship between vertebrate and invertebrate ichnol- 
ogy is one of the present hot topics in ichnology (e.g. Melchor 
and Genise, 2004a, b; Hunt and Lucas, 2007; Lockley, 2007; 
Lucas, 2007; Minter et al., 2007a). Central to this debate is the 
idea of unity or disunity of ichnology with respect to concepts 
and methods. In practical terms, invertebrate and vertebrate 
ichnology developed independently, to a large extent (Lockley, 
2007). Ichnology textbooks tend to cover either one topic or 
the other, and only rarely (e.g. Ichnia 2004 and 2008) vertebrate 
and invertebrate ichnologists gather together in the same scien- 
tific meetings. One of the central issues is how to keep a balance 
between unification of the ichnological field on one side, while 
giving enough room for diversity of approaches on the other. 
While some authors favor “one ichnology” (e.g. Melchor and 
Genise, 2004a, b), others regard this as a nice, but impractical, 
idea (Lockley, 2007). 

Ichnotaxonomic problems are at the core of this topic. Hunt 
and Lucas (2007) noted that invertebrate ichnologists mostly 
use an ethological approach, while vertebrate ichnologists 
favor a biotaxonomic approach. In other words, the focus of 



invertebrate ichnology is in classifying biogenic structures based 
on the ethological significance of their morphology, while verte- 
brate ichnologists attempt to relate traces to their producers. The 
word “mostly” in this context means that these two approaches 
work essentially as end members with some groups of trace fos- 
sils occupying an intermediate position (e.g. arthropod track- 
ways and insect traces in paleosols). However, Minter et al. 
(2007a) noted that the field of vertebrate ichnology also uses an 
ethological approach because the same ichnotaxonomic name 
should not be assigned to a burrow and a trackway produced 
by the same vertebrate, or to a resting trace and a trackway also 
sharing the producer. In this regard, at least theoretically, verte- 
brate and invertebrate ichnology do not seem to be so far apart. 
More controversial gray zones include trackways produced by 
the same animal, but reflecting a change in speed. In any case, 
this is also a contentious issue with arthropod trackways (e.g. 
Braddy, 1995), so it is a problem inherent to trackways not 
strictly to vertebrate traces. 

However, in practical terms the problem persists because the 
vast majority of vertebrate traces identified in the fossil record 
are trackways and, therefore, locomotion is the main behav- 
ior involved. Lockley (2007) specifically raised the question of 
whether it is reasonable to apply the same conventions and 
expectations of invertebrate ichnotaxonomy to vertebrates. 
The morphology of a footprint is determined not only by 
the structure of the foot of the producer but also by foot- 
substrate interaction, the latter resulting in extramorpho- 
logical variation (Lucas, 2007). Haubold (1996) proposed the 
name phantom taxa for tetrapod footprint taxa based on such 
extramorphological variation, while Lucas (2001) suggested 
the name taphotaxon for a taxon based on distinctive morpho- 
logical features that result from taphonomic processes, noting 
that this situation is more common with trace fossils than 
with body fossils. There is consensus among vertebrate ich- 
nologists that extramorphological features should not be used 
in ichnotaxonomy, and it has been argued that this may be a 
problem with most taxa defined at ichnospecific level (Lucas, 
2007). Assuming that the vast proportion of vertebrate trace 
fossils record locomotion, it is hard to see how a completely 
morpho-ethological system can be applied in practice to verte- 
brate ichnotaxonomy. 

Carrano and Wilson (2001) summarized the main methods 
employed by vertebrate ichnologists to relate tracks to their 
producers. These authors noted that the three main approaches 
that have been employed are phenetic correlation, coincidence 
correlation, and synapomorphy-based correlation. Phenetic 
correlation is the standard method, and is based on the similar- 
ity between the track and the foot skeleton. Coincidence correl- 
ation uses information other than morphology (e.g. geological 
age, geographic provenance, or local faunal composition) to 
establish the link between track and producer. Synapomorphy- 
based correlation applies cladistic methods to classify trackways 
assigning ichnotaxa to biological taxa using shared derived 
characters. Although Carrano and Wilson (2001) favored this 
latter approach, Lucas (2007) raised some doubts about the 
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benefits of applying synapomorphy-based correlation instead 
of the more standard phenetic correlation. Coincidence correl- 
ation, although useful in the search of potential tracemakers, 
should not be used as a taxonomic criterion because it may lead 
to circular reasoning (see Section 2.1). The challenge in verte- 
brate ichnotaxonomy seems to be to formulate ichnotaxobases 
based on morphology, which allows the establishment of ichno- 
taxa at different hierarchical levels avoiding circular reasoning. 

2.7 THE UNCERTAINTY PRINCIPLE IN 
ICHNOTAXONOMY 



Since its original formulation by Werner Heisenberg, physicists 
have been forced to deal with the uncertainty principle, which 
establishes that certain pairs of physical properties of an elec- 
tron, such as position and momentum, cannot simultaneously 
be known. Perhaps ichnologists may be allowed to play with an 
analogy in ichnotaxonomy. No matter how hard we try, it seems 
that we cannot establish an ichnotaxonomic system that simul- 
taneously fulfills the following requirements: (1) internal con- 
sistency and (2) applicability. The search for internal consistency 
is desirable, but occasionally the system may lose applicability if 
consistency is pushed too far. 

There is general consensus that ichnotaxonomic classifica- 
tions should be based on intrinsic properties of trace fossils 
that are of enough ethological significance. Accordingly, extrin- 
sic parameters, such as stratigraphic age, facies, or geographic 
location, play no direct role. However, this sharp boundary 
gets blurred when substrate is addressed. It seems that sub- 
strate in itself cannot be considered an ichnotaxobase because 
of its extrinsic character, although it is the behavior that results 
from the influence of substrate that is at play. In any case, sub- 
strate plays an indirect role in naming trace fossils, essentially 
in the same way that the biology of the producer influences 
behavior (see Section 2.1). Regardless of this, substrate has 
been historically considered significant enough to form the 
basis on which ichnotaxa are established; vertical burrows in 
sediment are called Skolithos while vertical borings in lithified 
substrates are called Trypanites. These problems were raised by 
Ekdale and Bromley (2001b) when defining the ichnospecies 
Gastrochaenolites oelandicus because some of their specimens 
seem to be borings and some burrows. Carmona et al. (2007) 
noted that Miocene specimens of Gastrochaenolites ornatus 
formed in firmgrounds were identical to G. ornatus produced in 
hardgrounds. Accordingly, these authors concluded that using 
substrate as an ichnotaxobase in this case would be artificial 
and misleading. Substrate may qualify as a high-rank ichno- 
taxobase when morphology reflects distinct ways of organism- 
substrate interactions, but when the same organism is able to 
excavate and bore, and the excavation technique is identical to 
the mechanical perforation technique, the validity of the sub- 
strate vanishes (Carmona et al., 2007). 

There is widespread agreement that general form is a high- 
rank ichnotaxobase. Accordingly, some authors (Fiirsich, 1973; 



Schlirf, 2000) have suggested that general form should be used 
to classify crustacean burrow systems, such as Ophiomorpha, 
Thalassinoides, and Spongeliomorpha, ichnogenera that at pre- 
sent are distinguished on the basis of the nature of burrow 
wall, a character of lesser significance. If this view is adopted, 
then the ichnogenera Thalassinoides and Ophiomorpha should 
become junior synonyms of Spongeliomorpha, which is the 
oldest available name. It is undeniable that this approach aims 
for internal consistency in ichnotaxonomy. However, it has 
been met with little acceptance (e.g. Bromley and Frey, 1974; 
Bromley, 1990, 1996; Carmona and Buatois, 2003). Besides 
other possible reasons to keep the three ichnogenera, reluctance 
to abandon Thalassinoides and Ophiomorpha, two ichnotaxa 
firmly entrenched in the literature and of widespread recogni- 
tion in outcrop and cores, undoubtedly plays a huge role. 

2.8 CLASSIFICATION OF TRACE FOSSILS IN 
OUTCROPS AND CORES 



Outcrops and cores are two very different realms and comparison 
of ichnological information may represent a challenge (Bromley, 
1 990, 1 996). However, in the same way that sedimentological obser- 
vations in outcrops should be integrated with core data in order to 
produce more accurate depositional models, subsurface and sur- 
face ichnological information should be evaluated using similar 
criteria and ichnotaxonomic standards. With an increasing recog- 
nition that ichnological information is of paramount importance 
in petroleum exploration and reservoir characterization, studies 
addressing trace fossils in cores have become common practice, 
and a series of atlases has been published (e.g. Chamberlain, 
1978; Pemberton et al., 1992c, 2001; Gerard and Bromley, 2008). 
Commonly, trace fossils in cores are classified at ichnogeneric level 
(e.g. Ekdale, 1977). However, in many other cases ichnospecific 
assessments are possible when dealing with ichnogenera whose 
ichnospecies are classified according to features that are easy to 
detect in cores, such as the type of burrow wall in some ichnospe- 
cies of Ophiomorpha (Bromley, 1990, 1996). 

The fact that ichnologists working with cores have to deal 
with narrow two-dimensional views represents a departure 
with respect to the study of trace fossils in outcrops. As noted 
by Gerard and Bromley (2008), the probability of a single bur- 
row being detected is related to its orientation, its size, and the 
core diameter. Some of these peculiarities pose a problem, but 
others may represent an advantage. Some ichnotaxa that are 
easily identified in outcrops may be impossible to recognize 
in cores. Biogenic structures preserved in semirelief, such as 
graphoglyptids, locomotion traces (e.g. trackways), and shal- 
low grazing trails, fall into this category. These structures are 
revealed along bedding planes in outcrops. On the other hand, 
full relief ichnofossils, such as endichnial feeding and dwelling 
traces, are easy to visualize in cores. Furthermore, cores com- 
monly reveal subtle details of burrow boundaries that may be 
overlooked in outcrops, as illustrated by haloes in Phycosiphon. 
The lack of weathering in cores is particularly helpful to 



2.8 Classification in outcrops and cores 



37 



examine biogenic structures in mudstone. In outcrops, where 
sandstone interbeds are absent in fine-grained successions, it 
is often difficult to evaluate the ichnological content. On the 
other hand, discrete structures emplaced in mudstone are easily 
detected in cores. 

Besides their classification in cores, paleoenvironmental 
interpretation of trace fossils is enhanced by the amount of 
additional information available in subsurface. For example, 
biofacies data (e.g. foraminiferans, palynofossils, and calcar- 
eous nanoplankton) from regularly selected core intervals are 
currently available, as well as geochemical and petrophysical 
information. These additional datasets can be employed to 
integrate ichnological information with other lines of evidence, 
promoting more robust depositional models. Also, where core 
recovery is good, one is able to examine relatively continuous 
intervals. Unfortunately, some oil companies tend to take cores 
only from the reservoir interval (sandstone and carbonate) and 



associated mudstone facies, whose characterization would be 
essential to understand depositional conditions and paleoenvi- 
ronments, cannot be examined. 

Finally, in many cases cores represent the only available 
information. This is the case with modern offshore areas (e.g. 
Ekdale, 1978, 1979; Wetzel, 1983, 1984), and some rock units 
that are only known from the subsurface (e.g. Buatois et ah, 
1999, 2002b). In recent years, subsurface information also 
become available through the study of borehole images and 
various core-imaging techniques. Ichnological data can also 
be evaluated from borehole images, albeit with a lower level 
of resolution than in cores (e.g. Salimullah and Stow, 1995; 
Bockelie et al., 1998; Gerard and Bromley, 2008). Calibration 
of these images is highly recommended, as elegantly illustrated 
by Gerard and Bromley (2008). Also, scanner-imaging tech- 
niques may help to visualize the three-dimensional morphology 
of trace fossils in cores (Gerard and Bromley, 2008). 
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This success stems mainly from the intimate connection of ichnology with sedimentology and the importance of both fields for 
paleoenvironmental and basin analysis, which becomes more and more important in petroleum exploration. This useful connection, 
however, also had its price. In the hand of biogeologists, trace fossils easily lose their significance as unique biological documents. 

Dolf Seilacher 
Trace Fossil Analysis (2007) 

One of the triumphs of the palaeobiological approach to palaeontology is the insight functional morphology has given us about the 
life activities of long dead organisms. 

Richard Bambach, Andrew Bush, and Douglas Erwin 
“Autecology and the filling of ecospace: key metazoan radiations” (2007) 



Although the significance of trace fossils in paleoenvironmental 
reconstructions is responsible for the rapid development of ichnol- 
ogy, we should not forget that ichnofossils are produced by living 
organisms and, as such, the biological nature of trace fossils is at 
the core of any study on animal-substrate interactions. In this chap- 
ter, we analyze the paleobiological facet of trace fossils. In order to 
do so, we revise concepts from benthic ecology and paleoecology. 
First, we explore the concept of modes of life, addressing feeding 
strategy, position in relation to the substrate-water interface, and 
level of motility. Second, we elaborate on the different modes that 
organisms have to interact with and, in particular, penetrate into the 
substrate. Third, we look at basic locomotion and burrowing mech- 
anisms from a historical perspective, revisiting the pioneering work 
of Schafer and the synthesis by Trueman. We exemplify all these 
mechanisms with examples form the trace-fossil record. Finally, we 
close this chapter by introducing the new paradigm of movement 
ecology and its potential implications in ichnological studies. 

3.1 MODES OF LIFE 



Animals burrow in order to solve four basic problems: respir- 
ation, feeding, reproduction, and protection (Bromley, 1990, 1996; 
Mangano and Buatois, 1999a). The diverse modes of life in the liv- 
ing world reflect viable strategies to deal with these problems. Mode 
of life includes feeding strategy, position in relation to the substrate- 
water interface, and level of motility (Bambach et ah, 2007; Bush 
et al, 2007). These modes of life reveal aU possible combinations 
of ecological parameters, allowing a multidimensional analysis of 
theoretical ecospace. The combination of these elements results in 
216 potential modes of life. In practice, only 92 of these modes of 
life are recorded as utilized (Bambach et al, 2007). 

3.1.1 FEEDING STRATEGY 

Food is an essential requirement for life and, according to 
their structural possibilities, each invertebrate group has 
developed a repertoire of feeding mechanisms and strategies 



in order to get the necessary nutrients from the surrounding 
environment. The questions what does an animal eat, where 
is this food resource located in relation to the animal life-site, 
and how common is this resource (availability) determine 
the specific adaptations for food acquisition (Mangano and 
Buatois, 1999a). Trace fossils provide valuable information on 
trophic types and feeding strategies. 

Marine biologists have recognized incredibly diverse and 
ingenious ways of feeding. However, their perspective is quite 
different from that of a paleobiologist or an ichnologist. 
Biologists are largely focused on particular characteristics, such 
as food particle size, and less attention is paid to what, where, 
and how something is eaten (Crame, 1990). In other cases, 
exquisite details about a peculiar behavior have been observed 
by marine ecologists, but very little of that behavior is recorded 
in the sediment and has preservation potential. From a paleo- 
biological and ichnological standpoint, the signal left in the 
substrate is a simplified version of the behavior involved, and 
can be interpreted in terms of a few major trophic types and 
feeding strategies. Trophic categories can be broadly defined as 
groups of organisms that feed, in general, in the same fashion 
(Walker and Bambach, 1974; Bambach, 1983; Bambach et al., 
2007). In other words, a certain source of food is exploited in a 
similar manner. Although the classification commonly adopted 
by ichnologists (e.g. Bromley, 1990, 1996) is mostly based on 
marine invertebrates, it can be modified to include feeding strat- 
egies in terrestrial environments. Trophic types are based on the 
type of food, source location in relation to the sediment-water 
interface, and the general feeding mechanism involved. 

There are five major feeding categories: suspension feed- 
ing, detritus feeding (also known as surface deposit feeding), 
deposit feeding (also known as mining), grazing, and preda- 
tion (Bambach et al., 2007). However, other unconventional 
categories, such as trapping, farming, photo- and chemosym- 
biosis, and parasitism have also been recognized. In particular, 
parasitism is discussed in the context of animal-animal interac- 
tions (see Section 6.7). In addition, some organisms are able to 
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Box 3.1 Tasselia ordamensis, a complex deposit-detritus feeding-gardening structure of maldanid polychaetes 

Studies involving three-dimensional CT scan and X-ray analyses of incipient Tasselia recovered from shallow- to deep-water 
settings off the coast of Africa and deep-water sediments from eastern Canada revealed its complex internal structure, and pro- 
vide strong evidence to support a maldanid polychaete origin. However, the ethological meaning of this peculiar structure has 
remained elusive until recently. Based on the detailed analysis of over 400 exquisitely preserved specimens of Tasselia ordamensis 
from the Upper Cretaceous to Cenozoic marine deposits of Tierra del Fuego and Antarctica, a new feeding strategy has been 
proposed. This trace fossil, unquestionably related to maldanid worms, illustrates the complex feeding strategies developed by 
representatives of this polychaete group. Tasselia ordamensis is a pear-shaped structure characterized by an axial thickly lined 
tube surrounded by vertically stacked sediment disks and continuing downward into a basal chamber (Fig. 3.1). Composition, 
geometry, and the cross-cutting relationships of internal elements reveal the existence of two domains within each sediment 
disk: the outer and the inner burrow-fill domains. The outer domain contrasts with the host rock in grain size and composition 
of particles, consisting of a fine-grained, micritic matrix enriched in microfossils, such as radiolarians, calcispherules, and dia- 
toms, and tiny plant debris. The internal structure of the outer domain consists of radially arranged, subhorizontal to oblique 
petal-like elements. Coarse particles (e.g. microfossils) are re-oriented parallel to the petaloid elements. The boundary between 
the outer-fill domain and the host rock is sharp, but no particle orientation is visible. The inner-fill domain has a higher concen- 
tration of coarser particles than the outer burrow-fill domain. Its internal structure consists of short, subvertical and strongly 
arched petaloid elements, which are confined to the sediment disk. The boundary between the outer- and the inner-fill domain is 
also sharp with clear evidence of the inner-fill-domain laminae cross-cutting the outer-fill domain. Tasselia ordamensis has been 
traditionally interpreted as a retrusive domichnion/equilibrium structure produced by suspension-feeding or microcarnivore 
organisms. However, detailed analysis of the internal structure of Tasselia clearly indicates that it is constructed protrusively 
(i.e. in a downward direction), and that is most likely a complex structure resulting from the deposit feeding, detritus feeding 
and microbial-gardening activities of maldanid polychaetes. The outer-fill domain, mostly formed of fine-grained particles, 
suggests a deposit-feeding mode with ingested particles passing through the gut of the producer up to the surface (i.e. upward 
advection), and non-ingested particles (large size particles, medium and coarse-grained sand) remaining in the basal chamber or 
on the central part forming part of the inner fill domain. Microfossils and plant debris within the outer-fill domain are clearly 
oriented. They may have been collected at the surface and placed within the petaloid elements (i.e. downward advention), docu- 
menting the role of detritus feeding. Densely packed microfossils and plant debris in discrete levels within the structure most 
likely refiect pulsed delivery of organic matter to the seafloor, followed by rapid subduction and redistribution by the tracemaker 
(detritus-feeding mode). After excavation and deposit-detritus feeding resulting in the formation of a burrow fill disk, a new 
feeding chamber is excavated below. The old feeding chamber is now situated above, and functions as “culturing compartment”. 
The distinct structure of the inner domain results from reworking of particles stored in previous feeding chambers. Therefore, 
Tasselia ordamensis illustrates the feeding plasticity of maldanid polychaetes, producing complex structures, resulting from a 
combination of deposit-detritus feeding and gardening activities, and most likely as a response to fluctuating food supply. 

References: Olivero and Lopez-Cabrera (2010). 



switch feeding strategies. For example, some suspension- and 
surface-deposit feeding bivalves are able to switch mechanisms 
facultatively (Skilleter and Peterson, 1994). Combined feeding 
strategies may result in complex trace fossils, as in the case of 
the ichnogenus Hillichnus, which has been attributed to a com- 
bination of deposit feeding and chemosymbiosis with sulfide- 
oxidizing bacteria (Bromley et ah, 2003). Behavioral plasticity 
in terms of feeding strategies is also common in decapod crus- 
taceans and polychaetes (Box 3.1). 

Suspension feeders capture suspended particles from the 
water column, and are commonly sessile forms that do not move 
around to get the necessary nutrients. Filter feeding is a subdiv- 
ision of suspension feeding, in which an organic filtration mech- 
anism is involved in food acquisition (Walker and Bambach, 
1974). In the trace-fossil record, suspension feeding is revealed 
by simple (e.g. Skolithos) or U-shaped (Diplocraterion) vertical 
burrows with lined walls preserved in clean sandy substrates. In 



modern environments, these structures are produced by poly- 
chaetes, sabellariids, spionids, and phoronids, among other 
organisms (Alpert, 1974; Gingras et ah, 2008a). Suspension- 
feeding strategies have been envisaged for some simple horizon- 
tal burrows, such as Palaeophycus, which is thought to have been 
produced by a wide variety of organisms, including polychaetes 
(Pemberton and Frey, 1982). 

Various devices and adaptations have been developed by sus- 
pension feeders to attain the appropriate position in the water 
column for trapping particles. Some suspension-feeding brit- 
tle stars (ophiuroids) can coil their arms and hence are well- 
adapted for clinging onto corals and other elevated structures. 
Other ophiuroids (e.g. the basket star) display delicate branch- 
ing arms that form a mucus-trapping basket directed towards the 
current (Barnes and Hughes, 1999). The ophiuroid trace fossil 
Asteriacites aberensis is characterized by long rays frequently ori- 
ented parallel to the inferred paleocurrent (Crimes and Crossley, 
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Figure 3.1 Tassetia ordamensis, a complex trace fossil attributed to 
the detritus- and deposit-feeding, and gardening activities of malda- 
nid polychaetes. Visible internal structural elements are the axial, lined 
tube, the stacked sediment disks, the outer and inner fill domains, and 
the terminal chamber. Upper Eocene-Lower Oligocene, Punta Gruesa 
Beds, Punta Gruesa, Tierra del Fuego, southern Patagonia, Argentina. 
Scale bar is 5 cm. See Olivero and Lopez-Cabrera (2010). 

1991), suggesting a suspension-feeding trophic type (Mangano 
et ah, 1999). Preferential orientation with respect to the predom- 
inant current (i.e. rheotaxis) by clusters of resting traces has been 
commonly invoked to infer suspension feeding. Examples include 
Rusophycus in freshwater environments attributed to notostracan 
crustaceans (Bromley and Asgaard, 1972b) and in marine envi- 
ronments presumably produced by trilobites (Pickerill, 1995). 

Some suspension-feeding body plans, such as those of sponges 
and cnidarians, include chambers or an internal cavity lined with 
tissue, whose cells, by means of cilia, seta, flagella, or amoeb- 
oid pseudopodia, capture particles trapped within the cavity. 
This strategy is illustrated by the clionid sponge-boring Entohia 
(Bromley, 1970). Brachiopods exhibit a more complex design, in 
which anatomical structures are particularly adapted for filtering. 
In particular, the lophophore with ciliated filaments performs 
three interrelated functions as a pump, a sieve, and a respiratory 
organ. Although it is a well-established dogma that brachiopods 
are sessile epifaunal organisms, modern lingulide brachiopods 
live within a vertical to inclined, mucus-lined burrow; the anterior 
part of the shell at or slightly projecting from the water-sediment 
interface and anchored, via a flexible pedicle, into the substrate 
(Emig et ah, 1978; Savazzi, 1991). As documented by Zonneveld 
and Pemberton (2003), the dwelling trace fossil Lingulichnus illus- 
trates a wide range of behaviors, including stationary suspension 



feeding, escaping from burial, and reburrowing after erosional 
exhumation, all behaviors known in extant lingulide. 

Suspension-feeding bivalves display complex gill morpholo- 
gies, which are used for both respiration and particle collection 
from the mantle cavity. A set of morphological features, such 
as a streamlined shape, deep pallial sinus, marginal posterior 
gape, and absence of prominent shell ornamentation character- 
ize suspension-feeding bivalves (Stanley, 1970). The presence of 
a deep pallial sinus is related unequivocally to posterior siphons. 
The posterior gape signals the existence of a long siphon that 
cannot be withdrawn entirely into the shell, forcing the animal 
to be confined permanently in a deep burrow safe from the haz- 
ards of the shallower tiers. This type of siphon is almost invari- 
ably linked to a suspension-feeding strategy. The ichnospecies 
Lockeia siliquaria has been interpreted as the basal part of a 
dwelling structure of suspension-feeding bivalves (Mangano et 
ah, 1998). A similar interpretation can be made for freshwater 
bivalve traces because almost all lacustrine representatives are 
suspension feeders (White and Miller, 2008). Another example 
of trace fossils produced by a suspension-feeding bivalve is rep- 
resented by the occurrence of Panopea faujasi within its equilib- 
rium structure Scalichnus phiale (Hanken et al., 2001). 

Detritus feeders or surface deposit feeders capture loose parti- 
cles on the depositional interface, which is rich in organic matter 
(Bromley, 1990, 1996; Bambach et al, 2007). Both vagile organ- 
isms that move around in search of food and sessile animals that 
explore around their burrows are represented. Non-specialized 
grazing trails (e.g. Mermia and Gordia) in freshwater environ- 
ments have been attributed to detritus-feeders, most likely insect 
larvae (Buatois and Mangano, 1993a). Snails in both marine 
and freshwater environments graze on organic matter and algal 
material at the sediment surface, producing structures akin to 
the ichnogenus Archaeonassa. Tellinid bivalves are common sur- 
face deposit feeders living below the sediment-water interface 
and using the inhalant siphon to collect particles at the surface. 
These structures are well documented in modern tidal flats (e.g. 
Schafer, 1972). However, the only trace fossil attributed to tel- 
linid bivalves, the ichnogenus Hillichnus, is remarkably complex 
and has not been regarded as reflecting a Macoma-Xiks detritus 
feeding strategy (Bromley et al., 2003). Surface deposit feeding is 
also adopted by various worms, such as some terebellids, malda- 
nids, and glycerids (Gingras et al., 2008a). Concentrically filled 
burrows assigned to the ichnogenus Rosselia have been attributed 
to detritus-feeding terebellid polychaetes (Nara, 1995, 2002). 

Deposit feeders or miners ingest organic matter within the sub- 
strate to recover buried food. Because most of the sediment is 
composed of inorganic mineral grains (even organic-rich sediment 
can be 95% inorganic in matter) animals may wander through the 
sediment in search of organic food particles or construct com- 
plex and more permanent burrows to systematically mine the 
sediment. Because the surface and uppermost parts of the sub- 
strate are richer in nutritious particles, they are heavily populated 
by deposit feeders (Bromley, 1990, 1996). Deposit feeders can be 
selective (i.e. those that only extract nutritious grains from the 
sediment) or non-selective (i.e. those that engulf the sediment 
uncritically and digest what they can from it). Most infaunal 
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organisms (i.e. endobenthos) are deposit feeders that rework the 
sediment to get nutritious particles producing biogenic reworking 
(Bromley, 1990, 1996). In many cases, the morphology and nature 
of the infill of trace fossils record unquestionable support for a 
deposit-feeding habit of the tracemaker. For example, an actively 
infilled burrow (i.e. a fill that has been subject to biological pro- 
cessing, passing through the animal’s gut) commonly contrasts in 
organic content or grain size with the host rock (e.g. Planolites), 
or is packed as backfilled menisci (e.g. Taenidium, Scolicia). 

Marine benthic ecology and neoichnological studies indi- 
cate that deposit feeding is a widely represented feeding strat- 
egy among many vermiform organisms. Various polychaetes, 
such as terebellids, maldanids, glycerids, and opheliids, feed 
within the sediment (Gingras et al., 2008a). The latter are 
known to produce the ichnogenus Macaronichnus (Clifton and 
Thompson, 1978; Pemberton et al., 2001). In continental set- 
tings, oligochaetes and various annelids, such as tubificids and 
lumbriculids, are typical deposit feeders (White and Miller, 
2008). Protobranch bivalves and many echinoids are also well- 
known deposit feeders with an extensive representation in the 
ichnological record. Combined locomotion and feeding activ- 
ities of protobranch bivalves are represented by the chevro- 
nate trace fossil Protovirgularia (Seilacher and Seilacher, 1994; 
Mangano et al., 1998; Carmona et al., 2010). Structures attrib- 
uted to spatangoid echinoids are illustrated by the backfilled 
ichnogenera Scolicia and Bichordites (Bromley and Asgaard, 
1975; Smith and Crimes 1983; Bromley et al., 1995). 

Some complex gallery systems produced by decapod crus- 
taceans reveal adaptations for deposit feeding (Ekdale, 1992). 
According to Gingras et al. (2008a), some thalassinid shrimps 
construct tiered boxworks and networks using the vertical shaft 
to maintain a connection to the sediment-water interface and 
the basal network for deposit feeding. 

A number of biogenic structures known from the fossil record 
have been attributed to deposit feeders based on design, although 
the actual affinities of the producer remain unknown in the 
absence of modern analogues. Examples include ichnogenera 
from the ichnofamily Arthrophycidae, such as Arthrophycus and 
Phycodes (see Section 13.3), as well as other feeding burrows, 
such as Halopoa, Phycosiphon, and Heimdallia, among many 
others (Seilacher, 2007b). 

A deposit-feeding trophic type has been inferred for extinct 
organisms based on combined ichnological and functional mor- 
phological evidence. One of the most remarkable examples is 
trilobites, which are regarded for the most part as deposit feed- 
ers, although some may have developed other feeding strategies, 
such as scavenging, predation, and suspension feeding (Seilacher, 
1985; Jensen, 1990; Whittington, 1992; Fortey and Owens, 1999). 
Deposit feeding is suggested on morphological grounds, such as 
the absence of mandibles and chelate appendages, and the pres- 
ence of multiple undifferentiated biramous limbs. The so-called 
trunk-limb feeding mechanism involves the rhythmical inward 
motion of the endopodites (inner branch of the limb), which 
convey the gathered particles to the mouth through the inter- 
coxae food groove (Seilacher, 1985; Clarkson, 1992; Levi-Setti, 
1993). Some features, such as the presence of a spinose coxae 



and the backfacing mouth at the rear of the hypostome, suggest 
that larger size particles were probably squeezed and shredded 
along the intercoxae groove and subsequently pushed forward 
to the mouth (Whittington, 1992). The abundance of cruzianids 
in lower Paleozoic rocks also provides a strong evidence for 
deposit feeding. These structures not only involved high-energy 
requirements inconsistent with simple locomotion, but also, in 
some cases, display scribbling or circling patterns best explained 
by food searching (e.g. Seilacher, 1970; Fortey and Seilacher, 
1997; Mangano and Buatois, 2003a; Neto de Carvalho, 2006). 
Functional morphological analysis of the trace fossils Cruziana 
and Rusophycus has provided valuable information to elucidate 
the mechanics involved in trilobite deposit feeding (Seilacher 
1970, 1985) (see Section 3.3.1). Bilobate trails are also produced 
by various other invertebrates, many of which are deposit feed- 
ers, such as isopods, which move through sediment to extract 
organic matter (Hauck et al., 2008; Gingras et ah, 2008a). 

Grazers are basically herbivores who scrape or nibble plants, 
algae, or even microbial material from the depositional surface, 
or chew or rasp larger plants or seaweeds (Mangano and Buatois, 
1999a). Ecologists tend to link the feeding strategy of grazing to 
the development of grasslands, mammals being the archetypal 
grazers (Owen, 1980; see also Thomasson and Voorhies, 1990). 
In the sea, limpets, sea urchins, and fishes are well-established 
grazers on hard substrates. In modern coral reefs, grazing fish 
are major determinants of the benthic community structure 
(Bellwood and Wainwright, 2006). Reef structures have been 
related to the activities of grazers throughout the Phanerozoic, 
the most marked change being in the Cenozoic when diverse 
grazing fishes accompanied by some groups of invertebrates, 
such as deep-grazing limpets and sea urchins, resulted in a dras- 
tic increase in grazing pressure (Bellwood and Wainwright, 
2006). The use of the term “grazing” in ichnology may be some- 
what misleading. In ichnology, the strategy of “grazing” refers to 
a combination of feeding and locomotion being recorded by the 
ethological category pascichnia (see Section 1.4.4). Archetypal 
grazing structures commonly reflect that the animal is feeding 
while moving on or within the substrate, so from a trophic-type 
perspective detritus- or deposit-feeding, and, less commonly, 
true grazing may be involved. In soft marine substrates, grazers 
commonly eat some superficial organic detritus, so this category 
is actually transitional to detritus feeding. Organisms that feed 
on large particles of dead animals found at the sediment-water 
interface are referred to as scavengers. As particle size decreases, 
this category also grades into detritus feeders. On the other hand, 
some carnivores may eat dead, undecayed animals and, there- 
fore, scavengers may grade into predators (Walker and Bambach, 
1974). Although grazers, detritus feeders, and scavengers are 
not easily differentiated in terms of their trace-fossil record, in 
some contexts, it is possible to point to a grazing trophic type. 
For example, Ediacaran simple trails, some of the first meta- 
zoan structures, are best interpreted as the product of grazers on 
microbial mats (Seilacher, 1999; Buatois and Mangano, 2003a) 
(see Section 14. 1 .2). The trace fossil Radulichnus, a rasping struc- 
ture, is a typical example of grazing feeding strategy in the ich- 
nological record. In Carboniferous tidal flats, grazing trails may 
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be directly associated with fossil leaves and other plant material 
(see Section 8.1.2). 

Terrestrial arthropods feed on living and dead plants using 
multiple strategies, including piercing-and-sucking, chewing, gall- 
ing, scraping, and boring. While there are few primary decom- 
posers in marine food chains and webs, primary decomposers 
are essential elements of terrestrial ecosystems, giving rise to a 
second food chain. Woody, supporting tissues, which form the 
bulk of vegetation, only become available as food once they are 
dead. Arthropod adaptations to consume plant material are doc- 
umented in the fossil record not only by the study of arthropod 
body fossils but also by the trace-fossil record of plant-arthropod 
interactions (Labandeira, 1998, 2007) (see Section 14.2.7). 

Predators, also known as carnivores, get their food by cap- 
turing prey that is capable of resistance (Bambach et al., 2007; 
Bush et al., 2007). They represent the highest levels of the food 
chain. Predators can be passive or active, according to whether 
they wait in a fixed position for prey or they actively pursue it. 
Passive predation is illustrated by some polychaetes, sea anemo- 
nes, and other anemone-like anthozoans (Ceriantharia). Some 
tube-dwelling worms are typically carnivores, they use the tube 
as a protective retreat and extend from the opening to seize 
passing prey. Vertical burrows, such as Skolithos, are commonly 
attributed to suspension feeders, but passive predation cannot 
be disregarded. Sea anemones live attached to corals, shells, or 
hide in rock crevices, and some burrow in sand or mud. They 
prey on various invertebrates, such as bivalves and crustaceans, 
swept by currents or waves, and some large species are even able 
to capture fish. The prey is paralyzed by nematocysts, caught 
by the tentacles, and carried to the mouth (Barnes and Hughes, 
1999). Plug-shaped burrows (e.g. Conostichus, Bergaueria, 
Conichnus) are typically attributed to anthozoan cnidar- 
ians, including sea anemones (Actinaria) and tube anemones 
(Ceriantharia) (Pemberton et al., 1988; Bromley, 1990, 1996). 
Most recent anthozoans are microcarnivores, however, and the 
distinction between passive predation and suspension feeding 
based on morphology of biogenic structures is difficult. 

Active predation is the main mode of predation. This strategy 
is illustrated by many invertebrates and all vertebrate predators. 
In terms of biomass, predators are commonly underepresented 
in the fossil record, but they have played a critical role in shaping 
long-term trends in adaptation (Vermeij, 1987). Several phases 
are involved in predation, namely, search, capture, penetration, 
ingestion, digestion, and defecation (Bishop, 1975). Direct evi- 
dence of predation in the fossil record includes trace fossils of 
penetration and ingestion of preys, and digestive contents and 
fecal products of predators (Mangano and Buatois, 1999a) (see 
Section 1.4.10). Bites or crush marks on the prey exoskeleton 
result from pre-ingestive breakage, and circular and parabolic 
bore holes are produced by drilling. Crustaceans have developed 
various techniques to kill their prey, including peeling (i.e. piece 
by piece breakage), crushing between the claws, or pounding their 
prey with expanded segments of their maxillipeds (Brett, 1990). 
Drilling is a specialized mode of predation, as illustrated by many 
marine mollusks (Brett, 1990). Circular drilling holes (ichnoge- 
nus Oichnus) are well known in the trace-fossil record, and may 



be produced by a number of organisms, including carnivorous 
gastropods and octopodid cephalopods (Bromley, 1981, 1994). 

Evidence of predators in situ on prey is fascinating, but 
extremely uncommon. Sublethal predation scars and biogeni- 
cally induced broken fragments of trilobites provide evidence 
of trilobites being preyed upon (Babcock and Robinson, 1989; 
Babcock, 1993; Pratt, 1998). Moreover, right-left behavioral 
asymmetry recorded by predation scars, preferentially on the 
right side, indicates the existence of predators with a lateralized 
nervous systems since at least the Early Cambrian (Babcock and 
Robinson, 1989). Ichnological evidence of predation by trilo- 
bites has been suggested by Jensen (1990), who documented the 
recurrent association of the trilobite resting trace Rusophycus 
dispar and worm trace fossils. This author noted that the trilo- 
bites consistently positioned themselves so that only the legs of 
one side were in contact with the worm burrow, suggesting a cap- 
ture technique in which the legs of one side were flexed around 
the prey, squeezing it against the spinose inner part of the coxae. 
Although, this predation interpretation has been questioned by 
Rydell et al. (2001), further case studies documenting ichnologi- 
cal evidence of predation by trilobites have been published (e.g. 
Brandt et al., 1995; English and Babcock, 2007). 

Ingested prey within the gut and gastric contents is another 
source of information, mostly restricted to fossil deposits of 
exceptional preservation (e.g. Viohl, 1990; Habersetzer et al., 
1994; Zhu et al., 2004). Coprolites, however, are a more wide- 
spread evidence of diet, being found both in fossil lagerstatten 
(Vannier and Chen, 2005) and in terrestrial red beds (Hunt et al, 
1994, 1998). Although the nature of coprolites was recognized 
very early by William Buckland (Pemberton and Frey, 1991), 
only recently has their potential in paleoecology and biostratig- 
raphy started to be explored. Coprolites and gut contents pro- 
vide crucial data to reconstruct ancient trophic webs (Richter 
and Baszio, 2001; Richter and Wedmann, 2005; Habgood et 
al., 2003; Vannier and Chen, 2005). 

Trapping, farming (also referred to as gardening), photo- 
symbiosis, and chemosymbiosis are unconventional feeding 
categories (Mangano and Buatois, 1 999; Bambach et al., 2007). 
Trapping is the passive capture of migrating meiofauna or 
other microrganisms within spiral or complex structures (see 
Section 1.4.7). A typical example of trapping is represented 
by the paraonid polychaete Paraonis fulgens, which produces 
spiral burrows within intertidal sediment (Roder, 1971; Risk 
and Tunnicliffe, 1978). This polychaete selectively feeds upon 
diatoms as indicated by analysis of its gut contents and by its 
small size (Roder, 1971; Levin et al., 1999). The spiral burrows 
are used as traps to capture diatoms as they migrate vertically 
within the sediment. The gaps between the whorls are inter- 
preted as an area from which new diatoms can move into the 
trap, and so repeated visits can yield additional food (Roder, 
1971). Although these intertidal biogenic structures have very 
low preservation potential, they have recently been described 
from the fossil record (Minter et al., 2006). 

Farming is a feeding adaptation that involves the culturing of 
suitable bacteria or fungi to provide food (Seilacher, 1977a) (see 
Section 1.4.7). Both farming and trapping can be inferred from 



3.1 Modes of life 



43 



complex, regular architectural patterns of biogenic sediment- 
ary structures that are difficult to explain in terms of deposit 
feeding and are illustrated by the ethological category agrichnia 
(see Section 1.4.7). Complex three-dimensional network designs 
with secondary undulations, side branching, and anastomoses 
are commonly suspected to represent trapping or farming struc- 
tures (Seilacher, 1977a). Examples include the ichnogenera 
Paleodictyon, Protopaleodictyon, Acanthorhaphe, Desmograpton, 
and Urohelminthoida, among many others. In particular, the ich- 
nogenus Spirorhaphe has been modeled on the Paraonis spiral 
trap. Although commonly overlooked, these feeding adaptations 
may be the cornerstone of some sophisticated food chains. These 
specialized strategies are developed in response to depleted food 
conditions and absence of sunlight, and are typical of base-of- 
slope environments (see Sections 9.2 and 9.3). 

Photosymbiosis and chemosymbiosis are feeding adaptations, 
which, until recently, have been overlooked in the paleontological 
literature. Photosymbiosis has been recognized in corals and sev- 
eral recent bizarre bivalves (e.g. Tridacna, Corculum) (Seilacher, 
1990a). Chemosymbiosis involves animal endosymbiosis with 
chemoautotrophic bacteria. This adaptation has been extensively 
studied in relation to deep-sea vents, where chemosymbiotic bac- 
teria allow the development of real oases of life in an otherwise 
life-depleted setting (Grassle, 1985). Chemoautotrophs use dif- 
ferent inorganic sources (e.g. hydrogen sulfide, elemental sulfur, 
ammonia, ferrous iron, hydrogen) to produce energy. For example, 
sulfuricant bacteria occur within the soft tissue of the host (e.g. 
gills, mantle) where they are able to oxidize vent-derived HjS in 
the presence of sufficient oxygen. Other reactions used by bacteria 
to obtain chemical energy are hydrogen oxidation and methane 
production. Chemosymbiosis is also an effective strategy in other 
environments such as anoxic muds (e.g. anoxic Qords, seagrass 
meadows, mangrove swamps) where oxygen and hydrogen sul- 
fide are found in close proximity. In these environments, recent 
amphisiphonate lucinids (e.g. Thyasira, Codakia) are known to 
host chemoautotrophic bacteria in their gills. Chemosymbiosis 
is an unusual mode of nutrition that requires physiological adap- 
tations and protection from the toxic surrounding environment. 
The recent bivalve Solemya has its gills packed with bacteria and 
its gut is reduced or absent (Yonge, 1936). These modifications in 
the soft parts, however, are not reflected by the shell morphology, 
which is largely unaffected (Seilacher, 1990a). 

In the fossil record, photo- and chemosymbiosis have been 
inferred based on morphological and behavioral adaptations, 
and are well represented in some invertebrate groups, such 
as bivalves (Seilacher, 1990a). While photosymbiosis does 
not involve a particular interaction with the substrate and, 
accordingly, has not been documented from the trace-fossil 
record, some ichnofossils have been related to chemosymbio- 
sis. Many odd burrows, such as the ichnospecies Solemyatuba 
ypsilon, have been interpreted as specialized chemosymbiotic 
designs, and modeled based on analysis of the bivalve Solemya. 
Solemyatuba ypsilon displays a basic U-shaped design that 
allows burrow ventilation and oxygen intake and a down- 
ward blind extension, presumably used for pumping hydrogen 
sulfide from the surrounding sediment (Seilacher, 1990a). The 



ichnogenus Chondrites, whose branching design cannot be sat- 
isfactory explained as the work of a deposit feeder, may actually 
represent “sulfide wells” constructed by the activity of a chem- 
osymbiotic worm-like animal (Seilacher, 1990a; Fu, 1991). 

3.1.2 POSITION WITH RESPECT TO THE SUBSTRATE- 
WATER INTERFACE 

The position in relation to the substrate-water interface or tier- 
ing is a central concept in ichnology (see Section 5.1). It identi- 
fies the setting where an animal lives and, as such, it is intimately 
related to its feeding type. Six basic situations can be recognized 
(Bambach et al, 2007; Bush et al., 2007). These are pelagic (living 
in the water column as either plankton or nekton), erect (benthic, 
extending into the water mass), epifaunal or surficial (living on 
the surface, not extending significantly upwards), semi-infaunal 
(partly infaunal, partly exposed to the water column), shallow 
infaunal (living in the upper 5 cm of the substrate), and deep 
infaunal (living below the upper 5 cm of the substrate). The 5-cm 
boundary reflects approximately a depth above which organisms 
are challenged by disturbance rather than maintaining contact 
with the sediment-water interface and below which these difficul- 
ties are reversed in severity (Bush et al, 2007). In any case, this 
boundary may be highly variable as it is highly dependent on sev- 
eral parameters, such as hydrodynamic energy (see Section 6.1.1) 
and depth of the redox discontinuity surface (see Section 6.1.3). 

All the latter five categories include organisms living on and/ 
or within the substrate, and are regarded as benthic (Walker and 
Miller, 1992). The terms epibenthic (= epifaunal, living at the 
sediment-water interface) and endobenthic (i.e. living within the 
sediment) are widely used in ichnology. Although occasionally 
some nektonic organisms may be revealed in the trace-fossil record 
(e.g. the fish trail Undichna), ichnology deals essentially with the 
activities of benthic organisms. In ichnological studies a more 
detailed subdivision of the infaunal ecospace is attainable because 
a finer-grained zonation can be obtained by careful study of tiering 
of biogenic structures that are produced not only by animals with 
hard parts but mostly by soft-bodied organisms (see Section 5.1). 

3.1.3 LEVEL OF MOTILITY 

The level of motility is the capability of an animal to move under 
its own power (Bambach et al., 2002). Motility level is essential in 
ecological reconstructions because it determines an animal’s range 
of physical activities (Bush et al., 2007). It has been subdivided 
into six main categories: freely fast (regularly moving, unencum- 
bered); freely slow (regularly moving, intimate contact maintained 
with substrate); facultative unattached (moving only when neces- 
sary, free-lying); facultative attached (moving only when necessary, 
attached); non-motile unattached (not capable of self-propulsion, 
free-lying), and non-motile attached (not capable of self-propul- 
sion, attached) (Bambach et al, 2007; Bush et al., 2007). 

Motility level is reflected by the basic ichnological categories 
of sessile and vagile used in ichnoguild characterization (see 
Section 5.4). However, not all the categories established based 
on body-fossil analysis are recorded in the ichnological realm. 
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Tracemakers are for the most part motile animals, either fully 
or facultatively motile. The only exception is attachment struc- 
tures (e.g. Podicimus). In this case, the brachiopod tracemaker 
is a non-motile attached organism. Overall, those fully motile 
in intimate contact with the substrate are the most effective 
burrowers. Those motile animals that are less encumbered and 
that move by pressing the substrate with their appendages (e.g. 
many epibenthic arthropods) are less effective burrowers or do 
not burrow at all, but may produce trackways under appro- 
priate substrate conditions. Facultatively motile animals can 
move to escape a threat or to reposition if affected by envir- 
onmental disturbance (Bush et al., 2007), therefore producing 
biogenic structures (e.g. escape traces). 



3.2 MODES OF INTERACTION WITH THE 
SUBSTRATE 



There are several classifications that account for the many 
ways that animals interact with the substrate (e.g. Hanor and 
Marshall, 1971; Bromley, 1990, 1996; Francois et al., 1997; 
Solan and Wigham, 2005). Each of these schemes emphasizes 
different aspects, but to a certain extent equivalencies between 
the different frameworks can be proposed. 

Bromley (1990, 1996) defined four main types of interactions 
between infaunal animals and the substrate: intrusion, compres- 
sion, excavation, and backfilling (Fig. 3.2a-k). These catego- 
ries are based on increasingly more complex animal-sediment 
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Figure 3.2 Some classic trace fossils interpreted within the categories of animal-substrate interactions of Bromley (1990, 1996). Note the relation 
with substrate consolidation, (a-d) Intrusions may form under a wide range of sediment consistencies from soupy to firm, (a) Shallow insect tun- 
nel produced in a stiff sediment (stabilization may be related to sediment dewatering and/or microbial binding), (b) Bivalve trace in softgrounds. (c) 
Escape structures typically record intrusions in soft-to-soupy substrates, (d) Carnivore gastropods may intrude into soft-to-soupy sediment in search 
of prey producing biodeformational structures, (e-f) Compression structures are typically formed in partially dewatered sediment with enough shear 
strength. Compression action re-orients sediment particles at the structure boundary. Mucus can be used to bind the sediment grains, (e) Bivalve bur- 
row. (f) Sea-anemone burrow, (g-1) Excavations can be formed in a wide range of consistencies, but are commonly not effective in soupy substrates, (g) 
Many mammals are well-adapted for excavating in firm terrestrial settings, (h) Excavation is the most common type of construction by insects in soils, 
(i) In soft sediments, excavations require reinforcement of the burrow boundary by a construction wall, (j-k) Backfilling is an efficient way of advan- 
cing through sediment while feeding, the loosened grains ahead being transported backwards via digestion or mechanical transport, and packed in a 
meniscus structure. Backfills can be found in soft to firm substrates, (j) Striated and meniscate burrow, (k) Irregular echinoid burrow. 
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interactions, namely the sediment is simply displaced, pushed 
aside and reorganized, manipulated and transported somewhere 
or digested and redeposited during burrowing. He noted that 
this approach is essentially from an ichnological standpoint. 

During intrusion an animal simply displaces sediment tempor- 
arily with its body (Bromley, 1990, 1996) (Fig. 3.2a-d). As the 
animal moves on, the medium closes behind (i.e. no cavity is left 
open). In soupy or soft sediments, this burrowing strategy results 
typically in biodeformational structures rather than permanent 
and distinct burrows. This mode of interaction is also adopted 
by many different organisms producing escape traces (see Section 
1 .4.8). According to Bromley (1990, 1996), intrusion is also accom- 
plished by some terrestrial vertebrates (e.g. moles, some reptiles) 
and insects (e.g. crickets and beetles), when they move close to 
the sediment surface. In this case, the uncompacted roof sediment 
is simply moved up and, in many cases, the structure collapses 
behind the animal. However, if these structures are produced at 
a slightly deeper level within a firmer substrate, a compression 
structure rather than an ephemeral intrusion will be produced. 

Compression records the activity of an infaunal organism 
that forces a passage through the sediment by pressing material 
aside and compacting it (Fig. 3.2e-f). This mode of interaction 
typically results in relatively permanent and distinct burrows. 
The burrow boundary is typically smooth and only excep- 
tionally ornamented (e.g. Lockeia ornata). Hydrodynamic 
deformation of the body (or part of the body) may result 
in compression on the boundary if sediment consistency is 
appropriate. In marine environments, this mode is adopted 
by bivalves, cnidarians, and many worms that move using a 
hydraulic mechanism through a firm substrate. Bivalve rest- 
ing structures (e.g. Lockeia) and cnidarian resting and dwelling 
structures (e.g. Bergaueria, Conostichus) are examples, while in 
continental environments, tunnels made by earthworms and 
many vertebrates (e.g. rodents) are produced by compression. 

Excavation is the most efficient way to deal with somewhat 
compacted sediment (Fig. 3.2g-i). The animal loosens the sedi- 
ment ahead and relocates the material elsewhere, typically onto 
the substrate surface. Crustaceans use a basket formed by their 
anterior appendages to transport sediment outside the burrow, 
while fish use their mouths (Bromley 1990, 1996). Crustaceans 
may also use mucus and their anterior appendages to produce 
construction pellets that are pressed into the boundary of the 
structure to form a reinforced wall (e.g. Ophiomorpha). In some 
cases, part of the sediment may be ingested and the feces depos- 
ited outside the burrow, into the wall, or stored somewhere within 
the structure. In terrestrial settings, this burrowing strategy is 
commonly adopted by many fossorial mammals and insects. 

Backfill consists of active manipulation by the animal in 
which sediment ahead is loosened, transported backwards 
around or through the body and redeposited behind as the 
organism moves forward (Fig. 3.2j-k). In the case of sediment 
being moved around the body, the sediment is mechanically 
manipulated, while sediment transported through the body of 
the organism involves ingestion and excretion. Burrow fill may 
be either meniscate, showing alternation of layers of different 



grain size (e.g. Taenidium), or homogeneous (e.g. Planolites) 
(see Box 2.2). Backfill is typically employed by worms, but it is 
also common in arthropods and irregular echinoids. Although 
some insects are able to backfill their structures by mechan- 
ical manipulation (Smith et ah, 2008a), they do not ingest and 
excrete sediment (Bromley et al., 2007). 

The ichnological classification by Bromley (1990, 1996) can 
be easily related to the approach of Hanor and Marshall (1971), 
who identified four mechanisms by which organisms can induce 
mass transport: turbulent diffusion, shear, advection, and 
molecular diffusion. More than one of these mechanisms may 
be involved in the generation of a biogenic structure. The first 
three mechanisms correlate well with distinctive categories in 
Bromley’s scheme, the fourth one involves chemical reactions, 
inducing mixing on a molecular level and can be favored by any 
of the three types of physical transport processes. 

Turbulent diffusion (also known as eddy diffusion) is pro- 
duced when an organism moves through sediment generating 
turbulent stirring. This may occur around the margin of the 
animal and within its digestive tract in the case of deposit feed- 
ers. Turbulent diffusion takes place during intrusion in soupy 
substrates and commonly produces biodeformational struc- 
tures (Bromley, 1990, 1996). 

Shear takes place if the movement generates a laminar flow 
of sediment that predominates over turbulence. Some structures 
may display a central core of turbulent disturbance surrounded 
by a region of shear at the boundary of the structure. Shear is 
involved at the boundary of structures generated by compres- 
sion sensu Bromley (1990, 1996). Internally, within the organism, 
shear is involved during mastication and digestion where solid 
grains are crushed and ground (Hanor and Marshall, 1971). 

Advection refers to the bulk transport of a component, and may 
involve downward, upward, and axial movements. Burrows filled 
by sediment collapse or passive infill of open galleries involved 
downward advection. Many compression structures left open 
are infilled by collapse and downward advection. Upward advec- 
tion is involved when an organism excavates a burrow and trans- 
ports sediment up to the sediment-water interface. Some worms 
select what they eat, indigestible material is advected through the 
worm and excreted at the other end. Conveyor burrowers, such 
as maldanid worms in marine environments and earthworms in 
terrestrial settings, provide excellent examples of selective advec- 
tion. If the organism ingests sediment at one end and excretes it 
out at the other or transports it mechanically along the structure, 
we are dealing with axial advection. This type of mass transport 
is recorded in backfill sensu Bromley (1990, 1996). 

Sediment particle redistribution by the activities of benthic 
invertebrates and tbe evaluation of the bioturbation capacity 
of extant assemblages have received considerable attention by 
marine ecologists (e.g. Rhoads, 1974; Snelgrove and Butman, 
1994; Pearson, 2001; Solan et al., 2004a, b). However, many 
of tbe resulting models and classification schemes may be of 
limited application in paleoichnology as the identity of the 
tracemaker is in most cases a fundamental incognita. However, 
Solan and Whigam (2005) modified a previous classification 
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by Frang:ois et al. (1997), which provides a mechanistic under- 
standing of biogenically induced mixing irrespective of the 
species identity that can be applied more generally. Seven basic 
modes of bioturbation are recognized: epifaunal bioturbators, 
surficial modifiers, biodiffusive bioturbators, gallery biodiffuse 
bioturbators, upward conveyors, downward conveyors, and 
regenerators. Some of these categories (e.g. upward conveyors 
and downward conveyors) closely match the basic mechanisms 
of Hanor and Marshall (1971) and categories of Bromley 
(1990, 1996), but others deserve further comments and clarifi- 
cation. Epifaunal bioturbators refer to organisms whose activ- 
ities occur predominantly above the sediment-water interface, 
and therefore have a negligible contribution to vertical particle 
transport, but may contribute to lateral heterogeneity by redis- 
tribution of fine particles over very short distances along the 
surface. In contrast, the surficial modifiers of this scheme are 
actually very shallow-tier bioturbators that inhabit the upper- 
most 1-2 cm of the sediment, and generate more disturbance 
than the epifaunal bioturbators. Biodiffusive bioturbators move 
particles through every level of the sediment profile resulting in 
a down gradient vertical transport of particles analogous to 
molecular and eddy diffusion. Gallery biodiffusive bioturba- 
tors account for rapid transport of particles from the upper 
regions of the sediment to the lower limit of burrow penetra- 
tion. Regenerators excavate holes and transfer sediment from 
depth to the surface where it is removed by physical processes, 
such as currents; and is replaced by surficial sediment and bur- 
row collapse material; this is analogous to the typical excava- 
tions described by Bromley (1990, 1996) involving upward 
advection of material during excavation followed by passive 
infill by downward advection. Solan and Whigam (2005) also 
explored the interactions between biogenic reworking and 
microbial activity, emphasizing the necessity of including the 
microbial component in our understanding of animal-sedi- 
ment interactions at different scales. 



3.3 LOCOMOTION AND BURROWING MECHANISMS 



We can approach to the problem of animal-substrate interac- 
tions analyzing the many ways in which animals move on and 
through the substrate. In order to decipher the ethological mean- 
ing of a biogenic structure, it is essential to have an understand- 
ing of the locomotion and burrowing mechanisms available to 
the different groups of benthic organisms. Movement is a funda- 
mental characteristic of life, driven by processes that act across a 
wide variety of spatial and temporal scales (Nathan et al, 2008). 
Constrains on movement are both intrinsic (i.e. morpho-struc- 
tural and behavioral) and extrinsic (environmental). The loco- 
motion and burrowing techniques employed by different groups 
of invertebrates have been analyzed using different frameworks 
based on experimental work and observation of extant species 
(e.g. Trueman and Ansell, 1969; Trueman, 1975; Ott et al., 1976), 
a combination of modern and body-fossil material (e.g. Savazzi, 
1982) or reconstructed based on the analysis of biogenic struc- 
tures both, modern and ancient (e.g. Seilacher, 1953b; Yochelson 
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and Fedonkin, 1993; Mangano et al, 1999). In recent decades, 
biomechanics and analysis of muscle-skeletal form and function 
have made a major contribution to our understanding of verte- 
brate locomotion and feeding strategies, in particular, in extinct 
groups such as dinosaurs and South American mammals (e.g. 
Vizcaino and Farina, 1999; Vizcaino et al, 2001; Vizcaino and 
De luliis, 2003; Sellers and Manning, 2007; Manning, 2008; 
Manning et al., 2009; Falkingham et al. 2009). 

In invertebrates, only a handful of studies have dealt with the 
issue of defining general categories of locomotion and burrowing 
mechanisms (e.g. Schafer, 1972; Trueman, 1975; Carney, 1981). 
There are essentially three ways of looking at this problem. One 
is an exhaustive documentation of the multiple modes of moving 
on and through the substrate (Schafer, 1972). Another possibil- 
ity is to focus on a reduced number of functional morphological 
traits (i.e. intrinsic constraints) that allow an organism to move 
(Carney, 1981). Finally, it is possible to distil a few archetypal 
mechanisms that can account for the locomotion and burrowing 
capabilities of invertebrates (Trueman, 1975). 

3.3.1 MULTIPLE MODES OF LOCOMOTION: THE 
EMPIRICIST APPROACH 

In a pioneer study on the tidal flats of the Wadden Sea, Schafer 
(1962, 1972) identified 12 mechanisms of locomotion in mar- 
ine invertebrates: amoeboid, ciliar, undulatory, peristaltic, glide- 
crawling, push-and-pull-crawling, bolting, multiple circular 
shoveling, pacing, drilling, chimney climbing, and jumping. 
Although this list is based on extant species, with some adjust- 
ments, it can be extrapolated to understand the production 
of a wide variety of biogenic structures in the fossil record. 
Although a monumental effort, this classification does not 
attempt to be comprehensive. As the focus of this classification 
is providing an analogical link to interpret biogenic structures 
in the fossil record, locomotion mechanisms of nektonic inver- 
tebrates (e.g. jet propulsion) were excluded from this classifi- 
cation (see Trueman, 1975). In practice, many organisms may 
employ a combination of more than one mechanism. 

Schafer’s studies were performed within the framework of 
the so-called actuopaleontology, a research field that involves 
the study of marine benthic ecology from a perspective that 
incorporates a strong paleobiological interest (see Cadee and 
Goldring, 2007, for a historical study). His empirical approach, 
based on decades of meticulous observations in modern tidal 
fiats, remains a classic in marine neoichnology. 

The breadth of this classification is impressive, from both 
organism and substrate standpoints. It aims to cover protozo- 
ans to vertebrates, and softgrounds to hardgrounds. 

Amoeboid locomotion is characterized by the flowing of the 
body. It is performed by protozoans lacking a shell or rigid pel- 
licle. The mechanism is based on the formation of pseudopodia 
as a result of local expansion of the protoplasm, ectoplasm, or 
plasma gel of the protozoan. Locomotion structures produced 
by amoeboid protozoans in soft tidal-flat mud can be more con- 
spicuous than their producers. In the case of foraminiferans, the 
plasma body is enclosed by a rigid shell and locomotion is due 
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to rhizopodia extending out of the shell. Schafer (1962, 1972) 
noted that little empirical support was available, but suggested 
that foraminiferan traces may consist of narrow and deep fur- 
rows in mud; this has been recently corroborated based on 
observations of the deep-sea floor (Matz et al., 2008). 

Another mechanism used by very small organisms is ciliary 
locomotion. In this type of loeomotion cilia project beyond the 
surface of the cell membrane and generate a beat that eommonly 
consists of a movement within a single plane. Because the plane 
of the ciliary beat is diagonal to the longitudinal axis of the body, 
small dilate organisms rotate during locomotion. Forward loco- 
motion is achieved via coordination of cilia by a metachronal 
rhythm, in which a wave of simultaneously beating groups of cilia 
moves from the anterior to the posterior end of the organism. 
Although a ciliary epithelium is common in many multicellular 
animals, ciliary locomotion is only effective in small organisms, 
protozoans, small metazoans, and larvae. Ciliary locomotion 
is common in meio- and microfauna inhabiting the uppermost 
layers of oxygenated sediment. Most of the structures produced 
are not persistent, although ciliary movement is responsible for 
the grain dislocation and displacement involved in cryptobiotur- 
bation. Some gastropods moving on hard substrates use ciliary 
movement to complement to glide-crawling (Trueman, 1975). 

In undulatory movement, propulsion is achieved by sine waves 
that propagate along the body, typically in a single plane. The 
most common type of undulatory motion involves waves travel- 
ing from head to tail as the organism moves forward, but back- 
ward motion can be achieved by reversing the direction of wave 
motion from tail to head. The active contraction on one side of 
the body is responsible for the passive stretching of the oppos- 
ite side. The wavelength is constant at a given time, although it 
may change from time to time. This locomotion mechanism is 
employed by different groups of organisms, such as nematodes, 
nemertines, errant annelids, cephalocordates (lancelets), fish, 
limbless lizards, and snakes (although a more complex vari- 
ant: lateral undulation), moving in a wide variety of substrates, 
from eompletely dry (e.g. thixotropic sand) to fluid (i.e. soupy 
substrate). Undulatory movement is not exclusive to benthic ani- 
mals, but is also employed by nektonic fish. This wide array of 
organisms shares a basic morphology consisting of an elongate 
body, but does not require the presence of an internal cavity (e.g. 
coelom). To move efficiently within the substrate, undulation can 
be used in combination with other mechanisms. For example, the 
polychaete Nereis, shoots its proboscis forward (bolting) while the 
posterior part undulates, helped by the use of large parapodia that 
act as walking legs (pacing) beating a backstroke on the convex 
side and a forward stroke on the concave side (Schafer, 1972). In 
short, nereids can propel themselves through the sediment using 
a combination of three locomotory mechanisms: bolting, undu- 
lating, and pacing. If the sediment is soupy, some animals can 
essentially “swim” through it using pure undulations (Bromley, 
1990, 1996). The sinusoidal ichnogenus Cochlichnus, produced 
by both nematodes and insect larvae (e.g. ceratopogonids), is a 
typical example of a trace fossil produced by simple undulatory 
movement. The sinusoidal trail Undichna is another well-known 
biogenie structure generated by the undulatory movement of 



a fish with the fins touching the sediment-water interface (e.g. 
Anderson, 1976; de Gibert et al., 1999). 

Peristaltic movement characterizes worm-like animals that 
have an elongate body, circular cross-section, and double layer of 
muscles in the body wall. Locomotion is attained by the coordin- 
ation of this double layer of muscles that work antagonistically 
(longitudinal in the inner layer and circular in the outer layer), 
involving contraction of one layer accompanied by relaxation of 
the other. In the simplest situation, the muscles of all segments 
contract at the same time, alternatively thickening or lengthen- 
ing the body. Contraction of the circular muscles reduces the 
diameter and causes the extension of the worm, while recov- 
ery is attained by contraction of the longitudinal ones. In most 
complex cases, the animal stretches and telescopes section by 
section. This mechanism is employed by a wide variety of vermi- 
form organisms displaying an internal cavity, including marine 
polychaetes and earthworms. Waves can move along the body 
to the head (direct waves in Arenicola) or vice versa (retrograde 
waves in earthworms). In contrast to undulatory movement, 
peristalsis requires the presence of an internal cavity essential 
for a hydrostatic mechanism of propulsion. In worms, peristalsis 
can be combined or alternated with other mechanisms, such as 
bolting, pacing, and undulatory movement. In the trace-fossil 
record, peristaltic movement has been inferred for a number 
of vermiform structures (e.g. Planolites), although diagnostic 
indicators of peristalsis are commonly absent. In other cases, 
the presence of constrictions in the burrow boundary suggests 
a deformable body and the use of peristalsis. Perhaps the best 
available evidence of peristalsis is found in ichnotaxa included 
in the ichnofamily Arthrophicidae (i.e. Arthrophycus, Phycodes, 
Daedalus) (Seilacher, 2000). These trace fossils exhibit a distinct- 
ive ornamentation (“fingerprints”) that tell us about the locomo- 
tion mechanism involved: evenly spaced transverse rings visible 
to the bare eye (the “arthrophycid signature”) and fine, submil- 
limetric wrinkles only exceptionally preserved (Seilaeher, 2007a). 
This fine ornamentation was imprinted by the animal cuticle on 
the burrow wall as a result of peristaltic movement. 

Glide-crawling consists of the passage of a series of muscu- 
lar waves along the body or the part of the body responsible 
for locomotion. A fiat morphology or a flat foot that allows 
ample contact with the substrate is essential in glide-crawling. 
This is typically illustrated by gastropods, but also by other 
groups (e.g. turbelarians and nemertines). The gastropod foot 
is a hollow muscular organ consisting of numerous variable 
oriented fibers, which moves over the substrate through waves, 
loeomotion being assisted by mucus secretion. In the trace- 
fossil record, a number of superficial and very shallow struc- 
tures, such as Archaeonassa, have been assigned to gastropods 
employing a glide-crawling strategy (Knox and Miller, 1985; 
Buckman, 1994), although attribution to gastropods has been 
questioned by others (Yochelson and Fedonkin, 1997). Glide- 
crawling is commonly complemented by ciliary movement. 

In push-and-pull-crawling (or the “double-anchor mechan- 
ism”), the penetration and the terminal anchors are applied 
alternately to produce a stepping motion. To work efficiently 
this mechanism requires organisms with an internal fluid cavity. 
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Figure 3.3 Bivalve push-and-pull-crawling (“double-anchor mechan- 
ism”). In this technique, the penetration and the terminal anchors are 
applied alternatively to produce a stepping motion, (a) Wedge foot 
bivalve burrowing cycle: extension of the food, shell opened against the 
sediment providing a penetration anchor (left), followed by contraction 
of adductor muscles and fluidization of the substrate (center), and final 
expansion of the foot (terminal anchor) and protraction of the shell, (b) 
Burrowing cycle in a protobranch bivalve: penetration anchor (left) and 
terminal anchor (right) displaying the open flaps of a split foot. Based on 
Seilacher and Seilacher (1994). 

Bivalves represent the archetypal example, but other mollusks, 
such as gastropods and scaphopods, and many polychaetes 
push and pull, albeit in some cases in combination with other 
mechanisms. In the case of bivalves, the locomotion mech- 
anism is based on rhythmic changes of shape performed by 
a single muscular foot (Trueman, 1966, 1975; Seilacher and 
Seilacher, 1994) (Fig. 3.3a-b). Trueman (1975) reconstructed 
the stages of the digging cycle based on the analysis of film 
and recordings of pressure measured by an eleetronic trans- 
ducer. First, the foot makes a major probe downwards to 
penetrate into the sediment and be able to pull the shell into 
an erected position (initial penetration, see Trueman, 1975). 
Then, the animal moves into the substrate repeating regularly 
a digging cycle (Trueman, 1975) involving a sequence of steps: 
(1) adductors relaxed, siphons are closed (to avoid water 
from passing out during subsequent adduction), and the foot 
is extended into a slender blade-like structure; (2) valves are 
closed by contraction of adductor muscles and water is ejected 
from the mantle cavity through the pedal gape (fluidizing the 
sediment), at the same time a pulse of pressure causes dilation 
of the foot to form a terminal anchor; (3) contraction of foot 
retractor muscles results in the shell being dragged into the sand 
(siphon reopen at the end of retraction); (4) adductor muscles 
relax and the shell reopens (by the energy stored in the liga- 
ment), pressing into the sand to form a penetration anchor, 
and (5) the shell is static and the foot is protracted (plateau 
in cycle curve, Trueman, 1975). The cycle is repeated during 
the entire burrowing period. This digging cycle can be under- 
stood in terms of two phases: the penetration and the terminal 
anchor (Fig. 3.3a-b). During penetration, the foot is extended 
into a slender blade-like structure, the shell acts as a penetration 
anchor by opening the valves to avoid backslippage (Fig. 3.3a). 
Hydrostatic pressure generated by contraction of the adductor 
muscles and closure of the valves produces expansion of the 
foot generating a terminal anchor (Fig. 3.3b). Once a firm foot 
anchorage is obtained, pedal retractors (i.e. shell protractors) 
are contracted and the shell is pulled forward. Anchorage of 
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the foot is generated by a pressure pulse which may produce a 
broad flat area of contact with the sand (e.g. Donax), a bulb- 
ous swelling (e.g. Ensis), or the outward spreading of the cleft 
foot of protobranchs. The locomotion trace Protovirgularia 
commonly associated with the resting structure Lockeia is inter- 
preted as the product of a push-and-pull mechanism by proto- 
branch bivalves (Seilacher and Seilacher, 1994; Mangano et al., 
1998; Carmona et al., 2010) (see Section 1.2.7). Schafer (1972) 
also regarded the locomotion of brittle stars as a variant of a 
push-and-pull mechanism, although it strongly differs from the 
archetypal double anchor mechanism of bivalves (Box 3.2). 

Bolting consists of the forward ejection of a frontal organ. 
This is performed either rapidly as a bolt or slowly pressing into 
the sediment to form a cavity. Bolting is employed by various 
infaunal soft-bodied organisms, such as siphunculids, priapulids, 
and polychaetes, the latter usually in conjunction with peristal- 
tic or undulatory movements. Although biogenic structures pro- 
duced by bolting have been observed in modern environments, 
their recognition in the fossil record is not straightforward. 
However, recent neoichnological experiments suggested that the 
burrow system Treptichnus pedum may be the product of pri- 
apulids employing a bolting mechanism (Vannier et al., 2010). 

Schafer (1972) defined multiple circular shoveling as a mechan- 
ism consisting of the coordinated use of locomotory appendages 
in a circular fashion and associated it with spatangoids and some 
polychaetes. Multiple circular shoveling is essentially performed 
by organisms with rigidly armored bodies and appendages 
equipped with their own musculature. Interestingly, Trueman 
(1975) also affiliated this mechanism to arthropods, including 
echinoids and arthropods within the same group: organisms 
with a hard internal or external skeleton. A classic example 
is illustrated by the burrowing activities of the spatangoids 
Echinocardium cordatum and E. mediterraneum (Bromley and 
Asgaard, 1975; Kanazawa, 1995). Heart urchins have a calcar- 
eous thin test covered by delicate and highly specialized spines, 
perfectly adapted for different tasks during burrowing, sediment 
transport and maintenance of the structure. Spatangoids use the 
spatulate spines on the plastron to propel themselves forwards 
and the spines on the ambitus and aboral part of the test are 
used for digging down and transporting the sediment (mixed 
with mucus) from the frontal part backwards around the body 
(Bromley and Asgaard, 1975). Metachronal waves seem to run 
over the armor from the front and below backward and upward. 
The burrowing activities and feeding habits of E. cordatum and 
E. mediterraneum have been thoroughly investigated by Bromley 
et al. (1995), who convincingly proposed that chemosynthesis is 
a common strategy in some deep-tier burrowing spatangoids. In 
the ichnological record, this mechanism is illustrated by the spa- 
tangoid echinoids ichnogenera Scolicia and Bichordites (Smith 
and Crimes, 1983; Uchman, 1995). Some of these structures are 
constructed in relatively deep, partially dewatered firm substrate, 
completely impregnated with mucus and can preserve scratch 
marks produced by the work of the spines. 

Pacing or stepping results in walking or running. Pacing 
involves the use of mobile supports (i.e. locomotory appendages) 
to allow the body to be carried above and ideally not touching the 
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Box 3.2 The trace-fossil record of ophiuroid movement 

Modem ophiuroid locomotion is quite versatile, the animal being able to move in many possible ways. Flexible arms are a key 
evolutionary innovation of brittle stars, providing freedom of movement exploited in diverse modes of life and feeding strategies 
(Fig. 3.4a-e). Contrary to asteroids (Fig. 3.5a), ophiuroid locomotion is mainly performed by horizontal and vertical undulatory 
movements of the long, flexible arms; the tube feet, protruding from the underside of the arms, playing a subordinate role. Four, 
strong longitudinal museles press the ealcareous vertebra-like segments together achieving joint-like mobile connections between 
them. Freedom of movement is illustrated in feeding strategies (e.g. coiling) and in the rowing action of the muscular arms during 
horizontal locomotion, swimming, and digging. One of the most common locomotion strategies, the so-called walking gait, involves 
four arms organized in two pairs, the two arms of a pair working symmetiieally. The odd arm is located at the front or is trailed 
behind, and does not participate in loeomotion, although may serve as a sensor. Whip-like movements of the arms performed in 
a rowing mode are generated by contraction of longitudinal muscles. WTien the anterior pair of arms swings forwards, the angle 
between them decreases, they are laid down and grip the substrate with their tips providing an anterior anchor. As the arms are 
arched, the body is slightly dragged forward. Then, the posterior pair performs a forward beat. These arms bend as soon as they 
touch the ground, lift the body, and push it forward. As the amplitude of the beat of the anterior arms is typically larger than the 
posterior ones, the front ones pull, and the posterior ones push and lift. In a faster gait, only the anterior pair of arms is used in 
propulsion producing a series of leaps. In Arcichms saltatus, described from the Devonian Hunsriick Slate of Germany, horseshoe 
trace fossils of the anterior arms are arched forwards and those of the posterior arms are lacking, suggesting “ophiuroid jumping”. 
The distanee between eonsecutive horseshoe imprints suggests that the action of the eurrent most likely allowed the producer to be 
carried further than it eould normally leap. Yet another curious biogenic structure, recording another variant of ophiuroid locomo- 
tion, is the hook-shaped or sinuous trace fossil Ophioichnus aysenensis from the Lower Cretaceous Apeleg Formation of Chile. These 
structures are associated with Asteriacites lumhricalis. These ophiuroid trackways were produced by the sculling action of the flexible, 
long arms while the body was held clear off the ground. Ophiuroids are also active burrowers in soft substrates; some of them rest- 
ing shallowly within the sediment, whereas others can inhabit semipermanent structures up to 10 cm deep, extending their arm tips 
above the sediment-water interface (Fig. 3.51). When digging, the animal is fully extended; arms perform lateral undulations while 
the tips remain mostly stationary, anchored to the surface. As a result, the central disc rotates penetrating into the sediment, aided 
by the sweeping action of the disc tube feet. Resting and burrowing activities of brittle stars, mostly in marginal- to shallow-marine 
deposits, are commonly preserved in the trace-fossil record (Fig. 3.4a-e). Specimens of the resting trace Asteriacites lumbricalis with a 
distinct central disc impression or slender vermiform arms, or both, clearly point to an ophiuroid producer. However, irrespective of 
the asteroid appearance, morphotypes displaying proximal expansion of the arms, arm branching, or opened or curling arm tips are 
most likely the work of brittle stars (Figs. 3.4a-e, 3.5b-e). According to this view, the different morphological variants of Asteriacites 
lumbricalis are regarded as “snapshots” of burrowing ophiuroids moving up, down, or laterally as they interacted with the sediment. 
Proximal expansion of the arms and lanceolate shape result from the back and forth rotation of the central disc generated by the 
undulatory movement of the arms, while the tips remained mostly stationary on the surface. Specimens with a deep central impres- 
sion and shallower short arms record a life position in which the disc and proximal arms were completely hidden in the sand, with the 
arm tips extended upwards. Some shallowly impressed structures with transverse delicate ornamentation on the arms or chevron-like 
ornamentation in the central disc-like structure reveal the sweeping action of the tube feet. Evidence of brittle star burrowing behav- 
ior is also displayed by deep, plug-shaped structures showing pentameral symmetry, assigned to the ichnogenus Pentichnus. These 
structures, described from the Carboniferous of Kansas, are interpreted as ophiuroid dwelling burrows (Fig. 3.51). 

References: Seilacher (1953b); Fell (1966); Reese (1966); Maerz et al. (1976); Heddle (1967); Schafer (1972); Sutcliffe (1997); Mangano et at. 
(1999, 2002a); Bell (2004). 



substrate. Appendages capable of pacing are arranged in pairs. 
If substrate conditions are appropriate, appendages imprint 
tracks on the sediment, which are in turn, organized in trackways 
(e.g. Davis et al., 2007). Pacing is mostly employed by terrestrial 
organisms rather than aquatic ones, although limulids and many 
marine crustaceans (e.g. benthic decapods, isopods, notostracans) 
may also use this mechanism if moving on the sediment-water 
interface. In arthropods, the basic limb movements employed 
in paeing consist of combining promotor-remotor swing and 
levator-depressor movements (Trueman, 1975; Manton, 1977). 
While the promotor-remotor swing is implemented by muscles 
from the proximal part of the leg, which pass into the trunk, the 



levator-depressor movements are mostly controlled by intrinsic 
muscles within the leg. In most arthropods, the swing movement 
takes plaee at the proximal end of the limb (i.e. at the coxa-body 
junction) around an axis lying in the transverse plane of the body 
(Manton, 1977). The levator-depressor movement takes place 
at right angles to the promotor-remotor swing and distal to the 
coxa, using one or two pivot articulations situated between leg 
segments. During the forward swing, the leg is outstretched with 
its tip on the substrate at the beginning of the backstroke, half- 
way through the backstroke the leg flexes (if the limb tip is not 
to slip on the ground), and finally it is extended again during 
the latter part of the backstroke (Manton, 1977, Fig. 2.3b). The 
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Figure 3.4 The ophiuroid resting trace Asteriacites lumhricalis from the Upper Carboniferous Rock Lake Shale Member, Stanton Formation, 
Lansing Group. Site south of the Kansas City International Airport, Missouri, central United States. All scale bars are 1 cm. (a) Arm proximal 
expansion recording the burrowing action of the tube feet in the disk area, (b) Assemblage consisting of multiple specimens displaying lateral and 
vertical repetition, resulting from animals trying to escape a sedimentation event. Note asteroid-like specimen (upper right) and structure reminis- 
cent of an ophiuroid with well-defined polygonal disk (upper left), (c) Specimens displaying irregular morphology and multiple arms, produced by 
the superposition of successive impressions due to slight lateral shifting and repositioning, (d) Specimen displaying arms with variable morphology 
resulting from modification during burrowing: some arms are asteroid-like in appearance (upper and lower left arms), but others clearly reveal the 
ophiuroid origin (upper right), (e) Specimen exhibiting a double arm (upper) as result of passive rotation of the disk during arm rowing. The hook- 
like tip also reveals the flexible nature of the ophiuroid arm. 



levator-depressor actions involve the flexure and extension of the 
limb, the limb being firmly pressed on the ground during the pro- 
pulsive backstroke. This results in the forward movement of the 
body. In principle, large angles of swing and long legs can result 
in long strides and fast running. In Onychophora, the shortening 
and extension of the soft, non-articulated limbs during stepping 
is only performed by muscles without joints. 

In a multi-legged organism steady locomotion is most com- 
monly achieved by the existence of a phase difference between 
one leg and the next creating a metachronal rhythm. Successive 
limbs are coordinated so when some swing forward off the ground 
(forward recovery swing), others are pressing backward perform- 
ing the propulsive backstroke. This results in cycles of limb move- 
ment or metachronal waves. The fields of movement of successive 
legs may overlap considerably, but legs themselves do not touch 
one another. The phase difference between one leg (n) and the 
next (n + 1) can range between 0 (both legs are moved synchron- 
ously) and 1 (phase difference is one complete cycle). The swing 
angle, limb length, and phase difference between successive legs 
(or groups of legs) together with the relative duration of the 



forward and backstroke are critical to gait pattern and speed of 
movement. Pacing or stepping represents a slow kind of walking. 
Increased speed turns into running, which involves a more rapid 
succession of paces. The slowest method of walking in arthro- 
pods and polychaetes involves stepping by the limbs or para- 
podia, respectively, while the trunk remains straight (Fig. 3.6a). 
In polychaetes, an increase in speed of pacing is accompanied 
by horizontal undulations of the trunk, which as they increase 
in amplitude lead to a swimming-like motion (Manton, 1977). 
However, in arthropods, trunk undulations tend to be inhibited. 
If undulatory movements are present, they do not contribute to 
locomotion or to an increase in speed of walking or running. The 
appearance of body undulations in centipedes and chilopods 
during their fastest gaits reduces the effective angles of swing of 
the propulsive legs, and, therefore, reduces the speed potential of 
the fastest gaits, wasting energy in lateral movements (Fig. 3.6b). 
Typically, as the relative duration of the backstroke decreases, the 
points of support of the body against the substrate also decrease 
(and are located further apart), and the distance between succes- 
sive propulsive legs increases (compare Fig. 3.6c with Fig. 3.6d). 
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Figure 3.5 Asteroid and ophiuroid burrowing mechanisms and resulting biogenic sedimentary structures, (a) Asteroids stay still on the substrate 
with their arms extended and their tube feet projecting from the underside of the arms; arms perform a sweeping action that creates a shallow, 
inflated, flve-rayed hypichnial structure {Asteriacites quinquefolis). (b-f) Wide range of behaviors recorded by extant burrowing ophiuroids. (b) 
Ophiuroid is resting with central disk deeper into the sediment and the tips projected upward. The resulting A. lumhricalis specimen displays a 
deeper central part and short truncated arms, (c) Ophiuroid is undulating its flexible arms in a horizontal plane at the same time as the tube feet 
of the disk area perform a sweeping action. The resulting A. lumbricalis specimen may display curved arm impressions and delicate chevron-like 
ornamentation in the disk area, (d) If the rowing action of the arms continues, the central part is buried into the sediment, the tips moving side- 
ways on the sediment. The resulting A. lumbricalis specimen displays a deeper central area and arms with bifurcated tips, (e) Ophiuroid is migrating 
upwards escaping a rapid sedimentation event. The rowing action of the arms may result in rotation. The resulting A. lumbricalis specimen displays 
multiple superimposed impressions with slight lateral movement, (f) The disk of some burrowing ophiuroids can penetrate more than 10 cm into 
the sediment, generating a plug-shaped structure with pentameral symmetry (Pentichnus gugdhupf). 



In high-speed variants, not only secondary undulations, but also 
abdominal marks indicating unsteady movement, may be present 
(Fig. 3.6b, d). Gait pattern is highly variable, and controlled by 
intrinsie (e.g. limb number and morphology) and extrinsic fac- 
tors (e.g. substrate consistency, slope, temperature). Brady (1947) 
documented variations in arthropod gait patterns in trackways 
preserved in eolian-dune deposits, and related them to variations 
in slope, temperature of the environment, and sand moisture. 
The trace-fossil record hosts abundant evidence of structures 
produced by pacing, including a wide variety of arthropod and 
vertebrate trackways. The list of erected arthropod trackways 
documenting walking and running is impressive. Many of the 



available names, however, require further taxonomic revision, 
including some very common ichnotaxa such as Diplichnites (e.g. 
Buatois et al., 1998b; Minter and Braddy, 2009). Many track- 
way names have been based on poorly preserved material or a 
poor evaluation of the locomotion mechanism and taphonomic 
controls (e.g. substrate consistency). Well-established, distinct 
ichnogenera include: Paleohelcura and Octopodichnus, attrib- 
uted to the work of scorpions or spiders, respectively (Brady, 
1947; Braddy, 1995; Minter and Braddy, 2009); Palmichniwn, 
assigned to the walking of eurypterids (Braddy and Almond, 
1999); Dendroidichnites, related to locomotion by myriapods on 
very soft surfaces (Demathieu et ah, 1992; Buatois et al., 1998a; 
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Figure 3.6 Extant centipede run- 
ning trackways. Centipedes run- 
ning over smoked paper (printed 
in reverse). All tracks 50 mm long, 
(a-b) Tracks of the centipede 
Cormocephalus pseudopunctatus. (a) 
Running at a slow gait. Tracks form 
oblique forwardly directed groups, 
no axial mark, (b) Running at a fast 
gait. Tracks fall on almost the same 
spot, and the stride is so long that 
the animal is unable to hold the 
body off the ground, resulting in 
an axial drag mark, (c-d) Tracks of 
the centipede Lithobius forticatus. 
Black spots are one stride length 
apart, (c) Running at a slow gait, 
stride length 14 mm, approximate 
speed 80 mm/s. Tracks look scat- 
tered, but in fact form a regular 
series. Legs of a pair are in phase, 
(d) Running at a fast gait, stride 
length 21 mm, approximate speed 
280 mm/s. Tracks are grouped into 
four rows per stride length. Legs of 
a pair are in opposite phase (notice 
staggered black spots). Icons of the 
producers on lower right. Based on 
Manton (1977). 



Minter and Braddy, 2009); Lithogmphus, attributed to trackways 
of pterygote insects (Minter and Braddy 2009); and Stiallia, inter- 
preted as the feeding activities of an arthropod (Walker, 1985; 
Buatois et al., 1998a; Minter and Braddy, 2009). However, a cau- 
tious approach in interpreting the producers from trackways is 
needed as emphasized by recent experimental neoichnological 
studies. Davis et al. (2007) demonstrated that a wide range of 
morphologies can produce very similar trackways and, in con- 
trast, one producer can generate trackways potentially attribut- 
able to different ichnotaxa. 

Using what is essentially a modification of the mechanism for 
walking on the substrate, some arthropods are able to burrow 
within the sediment producing structures of variable complexity. 
An excellent example displaying ample representation in the trace- 
fossil record is the ichnogenus Cruziana, commonly, although not 
exclusively, attributable to the combined locomotion and feeding 
activities of trilobites in Lower Paleozoic rocks (Box 3.3). 

Moving into hard substrates, drilling involves penetration in 
a cemented substrate (laterally persistent hardground or isolated 
wood logs or shells). This mechanism is typically associated with 
protection in the case of dwelling structures of boring bivalves 
such as Petricola and Zirphaea, or predation in the case of drill 
holes produced by carnivorous gastropods such as Murex, Natica, 
and Thais. The most general term “bioerosion” is preferred today 
because it includes every form of biological penetration into a 



hard substrate, such as etching, rasping, scraping, and drilling 
(Bromley, 1992). A wide variety of morphologies and ethologi- 
cal types are the product of bioerosion at all scales (see Section 
1.1). Many groups of animals are able to interact with a hard 
substrate producing biogenic structures, including sponges, sip- 
hunculids, polychaetes, phoronids, acrothoracican cirripedians, 
patched gastropods; holothurians, regular echinoids and cephalo- 
pods (Trueman, 1975; Bromley, 1992; Taylor and Wilson, 2003). 
Bioerosion can be performed by mechanical abrasion, chemical 
means, or a combination of both. In the first case, the animals use 
special tools to scrape off tiny particles. In the second case, a scar, 
tube, or cavity is generated by means of a corrosive secretion. As 
a generalization, mechanical bioerosion is mainly performed in 
calcareous substrates, and chemical bioerosion is performed in 
harder substrates. One of the best-known examples of mechani- 
cal drillers is that of pholadid bivalves. These borers employ cycles 
of successive contractions of the anterior and posterior adductor 
muscles, causing the movement of the valves in various direc- 
tions, with consequent abrasion of the walls (Nair and Ansell, 
1968; Trueman, 1975; Roder, 1977; Carmona et al., 2007). The 
valves of rock-boring bivalves have two axes around which they 
can pivot, in such a way that their marginal spines form a series 
of scratch ornaments arranged as if they were a row of chisels 
(Seilacher, 1985). In the ichnological record, structures of bor- 
ing bivalves are represented by the ichnogenus Gastrochaenolites 
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Box 3.3 Trilobite burrowing: the trunk-limb feeding mechanism 

Ichnological and functional-morphological evidence suggest that trilobites display a peculiar locomotion and burrowing strategy, 
which is herein referred to as the trunk-limb feeding mechanism. In fact, trilobites fed as they moved sweeping the sediment with 
their appendages in an inward direction (as opposed to most extant arthropods, such as insects). This mode involved moving 
sediment inward and backward towards the ventral midline. Seratch-mark ornamented bilobate trace fossils, typically preserved 
as hypiehnial ridges on sandstone soles, provide excellent examples in Lower Paleozoic marine rocks. These ribbon-like bilobate 
struetures ornamented by V-shaped striations are commonly assigned to the ichnogenus Cruziana and attributed, although not 
exclusively, to the combined locomotion and feeding activities of trilobites (Fig. 3.7a-e). Rusophycus is a short bilobate structure 
similar to, and in many cases forming compound structures with, Cruziana but recording stationary burrowing for resting, hiding, 
laying eggs, or feeding purposes. Functional analysis of the fine ornamentation of Cruziana and Rusophycus reveals details of the 
ventral morphology of trilobites and its peculiar feeding strategy. Contrary to the excavating strategy of many arthropods that 
move sediment away from under their body in a centrifugal fashion, the delicate scratch marks covering the lobes indicate that 
trilobites swept the sediment towards the ventral midline. Each walking (endopodal) leg describes a trajectory from the marginal- 
external area towards the mid-ventral surface where food is passed, close to the body towards the backwardly opening mouth. As 
multi-legged animals, trilobites use metachronal waves passing from the rear to the front of the organism to efficiently coordinate 
appendage movement. In trackways resulting from steady walking, series of imprints commonly overlap as each metachronal 
wave only advances the body a fraction of its length. In plunging structures or excavations, the coordinated action of the walking 
appendages (endopodites) on the substrate is responsible for the classic V-shaped ornamentation, the “V” opening being in the 
direction of movement. Trilobites lack specialized appendages able to manipulate large food items. In the absenee of mandibles 
and chelipods, trilobites must have only been able to collect small food particles from the sediment (i.e. deposit feeders), using 
the inward sweeping action of their limbs. According to ichnological and anatomical evidence, a microphagous mode of feeding 
was most likely the primary habit, although the close association of some conspicuous Rusophycus with worm structures and the 
hypostome morphology suggest that a macrophagous feeding habit was attainable by some large trilobites. Filter feeding can also 
be inferred as a secondary feeding habit in trilobites based on ichnological evidence. Trilobites possessed biramous undifferenti- 
ated limbs only varying in size along the body, typically with the cephalic appendages being the most robust ones. The inner rami, 
the endopodite (also endite or telopodite), had the primary function of locomotion and assisted in feeding. The function of the 
outer rami, the exopodite (also exite), has been the subject of discussion. In principle, these feathered appendages primarily served 
for respiration purposes and swimming. Dolf Seilacher considered that the feathered exopodites were involved in straining the 
sediment while feeding and occasionally used in swimming. However, Jan Bergstrom proposed that exopodites could have played 
a dominant role in burrowing, with respiration being performed by other soft, non-preserved structures. In his interpretation, 
exopodites were provided with strong lamellar spines rather than soft gill filaments. According to this view, spines are the main 
tools recorded in some well-known Cruziana (e.g. the rugosa group) characterized by multiple (8 to 12) sets of parallel scratches. 
Behind the cephalon, a series of segments articulated with one another permitted dorso-ventral, but not lateral bending of the 
body. Posteriorly, the pygidium was formed by fused segments, each of which carried a pair of biramous legs. These posterior 
legs are typically the smallest in size. This basic body plan allowed trilobites to burrow in different positions, resulting in what has 
been called “segmental variation”. The dorsally flexed attitude records the isoclinal burrowing position, the front and rear ends 
being slightly arched to promote the formation of a flushing current. Head down (prosocline) burrowing resulted in cruzianids 
characterized by conspicuous endopodal scratch marks performed by a few pairs of strong cephalic appendages. In this position, 
scratch marks are wide angled and are transverse to the midline; genal spines, being upwardly directed, are not recorded in bio- 
genic structures. Some trilobites may have used the cephalon margin as a shovel in a way similar to modern xiphosurans. Deep 
prosocline rusophycid structures may show anterior crescentic ridges or exceptionally the impression of the anteriormost anten- 
nae (Fig. 3.8). In contrast, tail down (opisthocline) burrowing involved smaller pygidial endopodites and the brushing of the outer 
rami of the leg (exopodites). Exopodal scratch marks are commonly much more delicate than endopodal scratch marks, present 
at a more external position in relation to the axis (in many cases forming an external lobe, such as in Cruziana semiplicata), and 
tend to be more or less subparallel to the median line. In this position, the backward bend of genal and pleural spines may favor 
the formation of marginal ridges in the biogenic structure produced (Fig. 3.8). 

References: Seilacher (1970, 1985); Eldredge (1970); Bergstrom (1973, 1976). 



(Kelly and Bromley, 1984; Carmona et ah, 2007). Carmona et al. 
(2007) demonstrated that boring bivalves perform the same pat- 
terned behavior to penetrate firm- and hardgrounds, putting 
a cautionary note on recognizing hardgrounds based on the 
presence of the boring Gastrochaenolithes and restricting the 



distribution of this ichnogenus to hard substrates (see Section 
2.7). Other bivalves (e.g. Teredo) are adapted to bore exclusively 
in xylic substrates. They do so by using the valves as boring tools, 
rather than employing them to enclose the soft body. Each valve 
consists of a beak-like front section, a protruding middle section 
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Figure 3.7 Trilobite burrowing and variability in the morphology of 
Cruziana. (a) Cross-sectional view of a trilobite showing first append- 
age segment (CO, coxae) and biramous appendages characterized by 
a strong inner branch (EN, endopodite) and feather-like outer branch 
(EX, exopodite). Some parts of the exoskeleton (gray), such as pleu- 
ral/genal spines (PL), may also be recorded in some Cruziana and 
Rusophycus. (b) Cruziana displaying only endopodal lobes excavated 
by the endopodites (EN). (c) Cruziana exhibiting endopodal lobes 
(EN) and a marginal pleura/genal spine mark (PL), (d) Cruziana dis- 
playing a four-lobe geometry with two internal endopodal lobes (EN) 
adjacent to two external exopodal lobes (EX); pleural spine marginal 
mark may be present, (e) Cruziana displaying prominent axial coxal 
impression, two convex endopodal lobes and a marginal pleural/genal 
spine mark. Based on Seilacher (1970). 



with rows of double pointed teeth, and a back section consisting 
of a smooth end. The activity of wood-boring bivalves is rep- 
resented in the trace-fossil record by the ichnogenus Teredolites 
(Bromley et ah, 1984). The well-known ichnogenus Oichnus is 
recorded by circular to oval holes produced by the predatory 
activity of carnivorous gastropods, although small holes, also 
included in the same ichnogenus, can be generated by octopodes 
to inject poison into their prey (Bromley, 1981, 1993). In addition 



to these classic examples, a large number of borings display- 
ing diverse morphologies are known in the ichnological record 
(Bromley, 1992, 1994, 2004; Taylor and Wilson, 2003). 

Schafer (1972) included chimney climbing as a distinctive 
mechanism involved in the ascending and descending move- 
ment within vertical burrows with mucus-lined or constructed 
walls, although the same behavior should be expected on 
unlined vertical structures in firmgrounds. However, in the case 
of crustaceans or some polychaetes (e.g. Sabellaria), the use of 
appendages or parapodia during climbing is analogous to pac- 
ing or “walking on the walls”. Animals build their burrows with 
the right inner diameter (not too small, not too large) to allow 
for chimney climbing. The construction of sand tubes by the 
polychaete Sabellaria is one of the best-documented examples. 
Sabellaria spinulosa lives freely suspended in its tube, held only 
by three pairs of thoracic parapodia, which are used in locomo- 
tion up and down the tube. The worms settle in colonies form- 
ing large constructions referred to as sand-coral reefs (Ekdale 
and Lewis, 1993). If the internal diameter of the tube is too 
large, contact with the internal surface is insufficient to push 
effectively against the wall and move the body upward. On the 
other hand, if the body fits too tightly within the burrow, climb- 
ing is impossible and usually peristalsis, in the case of worms, 
is used to move up and down the tube (Schafer, 1972). In other 
cases, organisms find an appropriate burrow built by another 
animal, and may occupy it either for protection or to hunt. In 
the trace-fossil record, Skolithos may illustrate strategies such 
as chimney climbing, as well as the crustacean burrow shafts of 
Ophiomorpha and Spongeliomorpha. 

Jumping is a mechanism that requires large amounts of energy 
and is commonly used combined with swimming, walking, or 
running. It is exclusive of vertebrates and arthropods. The adap- 
tations and dynamics involved in jumping are specific to different 
taxa. Most multi-legged animals cannot achieve steady locomo- 
tion by moving all of their legs or all legs of one side of the body 
in unison (Manton, 1977). Large flat thoracic legs of copepods 
are an exception; they move synchronously resulting in intermit- 
tent jumping through the water (Manton, 1977). However, the 
trace-fossil record suggests that several marine benthic arthro- 
pods were able to achieve jumping by multiple legs performing 
a backstroke in unison (Seilacher et ah, 2005; Seilacher, 2007a). 
The oldest record of this jumping mechanism is recorded in the 
Cambrian by Tasmanadia cachii in which subsequent series of 
imprints do not overlap. Instead, they form individualized pat- 
terns that probably correspond to the general outline of the trace- 
maker (Seilacher et ah, 2005). This means that the animal was 
not continuously supported; rather it must have moved in jumps, 
driven by the simultaneous action of all appendages (and most 
likely help by the current). The distinctive Carboniferous track- 
way Orchesteropus atavus also records a similar mechanism, most 
likely produced by “galloping” xiphosuran (Seilacher, 2007a). 
Based on functional morphology analysis, Manton (1977) con- 
cluded that some trilobites (e.g. Olenoides) were able to perform 
multiple-leg jumping. In marginal-marine and terrestrial settings, 
examples of jumping structures attributed to monuran aptery- 
gote insects have been included in the ichnogenus Tonganoxichnus 
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Figure 3.8 Trilobite burrow- 
ing position and the resulting 
biogenic structure. From left to 
right. Isocline resting position, 
Rusophycus displaying dorsoventral 
morphology; coxal and pleural/ 
genal-spine marginal ridge may be 
present in some Rusophycus ichno- 
species. Opisthocline (tail-down) 
burrowing position. Exopodal 
lobes get better representation; 
pleural or genal marginal ridge typ- 
ically present. Prosocline burrowing 
position, endopodal lobes get full 
representation, exopodal markings 
uncommon, head-shield mark may 
be present in some rusophysid ver- 
sions. Based on Seilacher (1970). 



Box 3.4 The jumping of monuran insects 

Superbly preserved trace fossils attributed to monuran insects (an extinct group of archaeognathan apterygote insects) occur 
in late Paleozoic paralic deposits in the United States. In particular, detailed study of specimens from Kansas and New Mexico 
allows the reconstruction of the functional morphology and behavior of their producers. These trace fossils, assigned to the 
ichnogenus Tonganoxichnus, provide evidence of monuran jumping behavior, favoring eomparisons with modern machilid 
archaognathans, as illustrated by the genus Petrobius. The ichnospecies T. ottawensis (Fig. 3.9a) is characterized by a fan-like 
arrangement of mostly bifid scratch marks at the anterior area that records the head- and thoracie-appendage baekstrokes 
against the sediment. The posterior area displays chevron-like markings or small subcircular impressions recording the abdom- 
inal appendages of the animal, ending in a thin straight terminal extension. Specimens display lateral repetition, and are 
commonly grouped into twos or threes with a fixed point at the posteriormost tail-like structure. Tonganoxichnus ottawensis 
is thought to record the ability of these apterygote insects to perform successive lateral jumps with a pivot point at the pos- 
terior tail-like extension. This ichnospecies most likely represents jumping in conneetion with a defensive strategy or feeding 
purposes (i.e. raking the microbial mat). The ichnospecies Tonganoxichnus robledoensis (Fig. 3.9b) has an anterior region 
charaeterized by the presence of a frontal pair of linear imprints, three pairs of lateral linear imprints, a middle medial oval 
imprint, and a posterior elongate axial imprint. Specimens are aligned, suggesting a forward progression via a linear succession 
of jumps. Jump distances were up to eight times body length. Monuran trackways, assigned to the iehnospeeies Stiaria inter- 
media, are elosely associated with the jumping structures. Ichnological evidence indicates that jumping was a common strategy 
in apterygote Paleozoic insects and developed very early in the evolutionary history of insects. 

References: Mangano et al. (1997, 2001a); Braddy and Briggs, 2002; Minter and Braddy (2006a, 2009). 



(Mangano et al., 1997; Braddy and Briggs, 2002; Minter and 
Braddy, 2006a, 2009) (Box 3.4). Interestingly, monuran jump- 
ing trace fossils display similarities with modern archaeognathan 
takeoff structures documented by Sturm (1955). 

3.3.2 BURROWING PRE-ADAPTATIONS: THE 
MORPHO-STRUCTURAL APPROACH 

Another approach to the problem of burrowing mechanisms is 
to look at particular morphological adaptations to burrowing 



displayed by the different organisms (Carney, 1981). This 
approach assumes that burrowing is primarily constrained 
by organism morphology. Based on this assumption, Carney 
(1981) recognized five main morphologies: (1) completely 
soft bodied-lacking significant lateral appendages (e.g. some 
annelids and most worm-like organisms, almost all coelenter- 
ates, some holothurians, shell-less mollusks); (2) completely 
soft bodied with significant lateral appendages (e.g. annelids 
with large parapodia, most holothurians); (3) soft bodied with 
partial rigid external covering (e.g. most benthic mollusks. 
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Figure 3.9 The ichnogeiius Tongan- 
oxichnus as evidence of jumping 
behavior in late Paleozoic monuran 
insects, (a) Tonganoxichnus otta- 
wensis. Upper Carboniferous, 
Tonganoxie Sandstone, Stranger 
Fomation, Buildex Quarry, 
Kansas, central United States. See 
Mangano et al. (1997). Scale bar is 
1 cm. (b) Tonganoxichnus rohle- 
doensis. Upper Permian, Robledo 
Mountains, Robledo Mountains 
Formation, southern New Mexico, 
southern United States. See Minter 
and Braddy (2006). Scale bar is 2 cm. 



inarticulate brachiopods); (4) completely rigid external cover- 
ing with numerous flexible appendages (e.g. most arthropods, 
echinoids), and (5) externally soft animals with some rigid 
internal structure (e.g. vertebrates, pennatulid coelenterates). 

From an ichnological and functional standpoint, this mor- 
pho-structural classification is hard to adopt. For example, 
although large parapodia may be involved in locomotion, their 
presence or absence is not generally a determinant of the pri- 
mary mechanism of locomotion involved. Also, the presence of 
a shell implies an additional cost of energy for locomotion, but 
does not itself determine the adopted burrowing mechanism. 
Regardless of the presence of the shell, the burrowing mechan- 
ism is controlled by the deformable body of the mollusk, result- 
ing in the double anchor mechanism. In fact, this mechanism 
is employed by many animals lacking a shell (e.g. polychaetes). 
Finally, although both echinoids and arthropod exhibit multiple 
appendages coordinated in metachronal waves, the burrowing 
mechanisms are remarkably different, as clearly evidenced by 
the biogenic structures produced. 

3.3.3 IN SEARCH OF A UNIVERSAL MECHANISM: 

THE RATIONALIST APPROACH 

A different approach to the problem of locomotion is to search 
for a universal mechanism that essentially results from very 
basic mechanical principles. This has been the approach under- 
taken by Trueman (1975) and, although it may be termed a 
“rationalistic approach” (in the sense of being a major gen- 
eralization based on inferential reasoning), it is firmly rooted 



in a well-founded experimental tradition (e.g. Ansell and 
Trueman, 1968; Trueman, 1966, 1967, 1968a, b, 1971; Trueman 
and Ansell, 1969). The underlying hypothesis to this approach 
is that despite the many morphological plans and particular 
locomotion techniques used by invertebrates, there are just 
a few basic principles involved in animal locomotion. These 
first principles are explained in terms of basic physical laws, 
such as the Newtonian laws of movement and the principles of 
hydraulics (Trueman, 1975; Barnes et al, 1993). For example, 
Newton’s third law established that for any action there is a 
reaction of the same magnitude but in the opposite direction. 
In ichnological terms, this means that, for example, when an 
organism attempts to penetrate the substrate by a propeller 
force (action), this is balanced by the substrate frictional resist- 
ance (reaction). The organism will only be able to move if an 
efficient anchoring system is created (e.g. the penetration and 
terminal anchors) to overcome substrate resistance. 

According to Trueman (1975), the animal locomotory system 
can be subdivided into three main components, engine, trans- 
mission, and propeller. In the engine, the chemical energy is con- 
verted into mechanical energy due to contraction of the muscles. 
This energy is transmitted to the propeller by means of a sys- 
tem of levers in the case of organisms with hard parts (mech- 
anic transmission) or through the fluids of a hydrostatic system 
in soft-bodied organisms (hydraulic transmission). The propeller 
is the part of the organism that is in contact with the substrate 
and, therefore, becomes the visible element acting in animal-sub- 
strate interaction. In vertebrates and arthropods, the propeller is 
commonly a specialized structure (rigid propeller), while in soft- 
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bodied invertebrates or invertebrates that use soft processes of 
the body in locomotion, the propeller is generally represented by 
part of the corporal mass, such as the proboscis of a polychaete 
or muscular foot of a bivalve (deformable propeller). 

Based on these elements, Trueman (1975) identified one univer- 
sal mechanism: the double-anchor or push-and-pull mechanism 
(see Section 3.3.1), involving all soft-bodied invertebrates with a 
hydrostatic or fluid skeleton; in other words, all invertebrates with 
a body cavity containing incompressible fluid that functions as a 
hydraulic system. In such a system, a force generated by muscle 
contraction is transmitted to another region of the body where 
it may be used in locomotion. This soft-bodied group includes 
animals that are completely soft, such as most worms and sea 
anemones, and animals that utilize soft processes of the body to 
burrow, such as bivalves. A circular cross-section is ideally suited 
to penetrate and move through the substrate using the double- 
anchor mechanisms as the body wall is in contact with the sub- 
strate in all directions and muscles may contribute in locomotion 
without loss of anchorage. The body cavity used differs accord- 
ing to the phylum: coelenteron in Cnidaria, coelom in Annelida, 
and haemacoel in Mollusca (e.g. bivalves). Organisms with some 
rigid skeletal support (e.g. sea urchins, arthropods, and verte- 
brates) constitute a second group or organisms. Members of this 
functional group require an exo- or endoskeleton to allow mus- 
cular antagonism (e.g. flexor-extensor). These invertebrates with 
rigid skeleton, are unable to attain deformation of any soft part 
of the body and the propeller force is applied directly by muscles 
incepted in the inner zone of the exoskeleton. 

3.4 MOVEMENT ECOLOGY 



In recent years, movement ecology has been introduced in an 
attempt to generate a unifying paradigm for studying movement 
of all types of organisms within a broader framework (Nathan 
etal., 2008) . The approach undertaken consists of the formulation 
of basic principles to link empirical and theoretical movement 
studies. The four principles proposed aim to address the internal 
state (why move?), motion (how to move?), and navigation (when 
and where to move?) capacities of the individual, as well as the 
influence of external factors (Nathan et al., 2008; Holyoak et ah, 
2008). The internal state accounts for physiological and/or psy- 
chological motivations that determine why to move. This implies 
proximate (i.e. ecological), such as searching for food, avoiding a 
predator, and flnding a mate, and ultimate (i.e. evolutionary), such 
as minimizing energy cost and surviving payoffs. Motion capaci- 
ties reflect the biomechanical abilities to move, embracing the 
multiple modes of locomotion (e.g. push-and-pull, pacing) that 
determine how to move (see Section 3.3). Navigation capacities 
are displayed by mobile animals using their sensory and cognitive 
traits to obtain and process information about the environment, 
and to determine when and where to move. In doing so, animal 
movement includes interaction with the external environment, 
encompassing biotic factors (e.g. presence of resources, competi- 



tors, mates, predators) and abiotic factors (e.g. flow of water or 
air, presence of obstacles, light, oxygen). 

Many of the previous proposals analyzed (see Sections 3.3.1 
and 3.3.3) focused on the biomechanics of movement. The 
movement ecology paradigm complements other approaches 
to movement, such as those of the biomechanical, cognitive, 
random, and optimality paradigms. Of these, the optimality 
paradigm has a relatively strong tradition in ichnology (e.g. 
Raup and Seilacher, 1969; Papentin, 1973; Hammer, 1998; 
Hayes, 2003; Plotnick and Koy, 2005; Koy and Plotnick, 2007, 
2010), while a few studies have adopted the perspective of 
the random paradigm (Kitchell et al., 1978a; Kitchell, 1979; 
Hofmann, 1990). Ichnological studies are commonly framed 
within optimal foraging theory, which assumes that organisms 
are driven by a tendency to maximize net energy gained per 
unit of time feeding (e.g. Schoener, 1987). While foraging, ani- 
mals are guided by a set of basic reactions, namely stropho- 
taxis, phobotaxis, and thigmotaxis (Richter, 1928; Raup and 
Seilacher, 1969). Strophotaxis is a proclivity to make U-turns 
so that the animal turns around 180° at intervals. The length of 
the animal determines the geometry of the turn. Phobotaxis 
keeps the organism from crossing its own and other trails. 
Thigmotaxis makes the animal stay in close contact with a 
former trail. Based on these principles, computer simulations 
have been developed to reproduce foraging patterns (e.g. Raup 
and Seilacher, 1969; Hammer, 1998). Meandering and spiral 
trails can be understood as paths resulting from an organism’s 
response to the perceived spatial distribution of resources (Koy 
and Plotnick, 2010). Neoichnological experiments have been 
recently designed to evaluate animal movements as a response 
to the location, shape, and density gradient of food patches 
(Koy and Plotnick, 2010). Optimal foraging theory consid- 
ers that foraging patterns are intrinsically controlled by a ser- 
ies of commands written in the genetic code of the organism. 
However, more recent studies have emphasized that patchiness 
in resource distribution is a strong control on foraging move- 
ment and path morphology. Organisms interact with the envir- 
onment using their sensory and cognitive traits (navigation 
capabilities) to explore the landscape and detect spatial hetero- 
geneity (see Section 6.8). 

More recently, there have been attempts to apply ideas derived 
from movement ecology to the study of the fossil record by 
introducing so-called “movement paleoecology” (Dornbos et al, 
2009; Plotnick, 2009). This approach may help to place ichno- 
logical studies into a broader theoretical framework, including 
both internal and external determinants of movement. Although 
the extrapolation of ecological frameworks to the fossil record 
always represents a challenge, adapting conceptual tools from 
ecology (e.g. the guild) has historically expanded the explanatory 
potential of ichnology. As in the case of the notion of complex 
trace fossils and extended organisms, movement paleoecology 
represents an approach that is worth exploring. Further work is 
needed in order to realize its potential, and to demonstrate how 
it can illuminate our understanding of the trace-fossil record. 



4 The ichnofacies model 



Anyone can make the simple complicated. Creativity is making the complicated simple. 

Charles Mingus 
Unsourced quote 



Ichnofacies stand today as one of the most elegant but widely misunderstood concepts in ichnology. 

Robert Frey, George Pemberton, and Thomas Saunders 
“Ichnofacies and bathymetry: a passive relationship” (1990) 



The ichnofacies model was introduced in a series of papers 
originally published in German by Seilacher (1954, 1955b, 
1958, 1963b), and later expanded into English (Seilacher, 
1964a, 1967b). In doing so, he created from a series of appar- 
ently disparate worldwide observations an elegant and coher- 
ent conceptual model. This body of work resulted in the first 
paradigm in ichnology, and transformed this field of research 
from a parochial discipline practiced by a few into a mainstream 
paleontological and geological science with a rich conceptual 
framework and multiple fruitful applications. Subsequently, the 
model was refined and expanded in a series of papers (e.g. Frey 
and Seilacher, 1980; Bromley et ah, 1984; Frey and Pemberton, 
1984, 1985, 1987; Bromley, 1990, 1996; Pemberton e? a/., 1992b; 
Bromley and Asgaard, 1993a; Lockley et al., 1994; Buatois and 
Mangano, 1995b, 2009; Gibert et al., 1998, 2007; Genise et al., 
2000, 2010a; Ekdale et al., 2007; Hunt and Fucas, 2007; Minter 
and Braddy, 2009), remaining at the core of ichnology, both as 
a theoretical framework and as a tool. The aim of this chap- 
ter is to provide an updated review of the ichnofacies model, 
addressing not only marine softground and substrate-controlled 
ichnofacies, but also invertebrate and vertebrate continental 
ichnofacies. Vertebrate ichnofacies are still in flux and what is 
presented herein should be understood as a preliminary “state- 
of-the-art” rather than a consensus view on the matter. 



4.1 THE ICHNOFACIES CONCEPT 



In our definition (Box 1.1), Seilacherian or archetypal ichno- 
facies are conceptual constructs based on the identification of 
key features shared by different ichnocoenoses of a wide range 
of ages formed under a similar set of environmental conditions. 
A key component of any ichnofacies is their archetypal nature, 
being both individual ichnofacies and, at a different scale, the 
ichnofacies model, conceptual constructs. Ichnofacies is not 
simply a concept. The notion of ichnofacies itself involves a 



group of concepts that are linked and interrelated providing a 
new meaning. The elaboration of an ichnofacies involves two 
steps: (1) the distillation process or selection of key features (e.g. 
dominant ethologies, ichnodiversity levels, feeding strategies) 
within a representative sample of ichnocoenoses of different 
ages, and (2) the articulation of these key features with ecologic 
factors and depositional processes. Any potential ichnofacies 
should be based on a series of examples carefully selected from 
the ichnological record, rather than a mere list of theoretical 
assemblages or documentation of local examples. 

Seilacherian archetypal ichnofacies should not be confused 
with and should not be replaced by ichnocoenoses (see Box 1.1). 
An ichnocoenosis refers to a group of biogenic structures that 
results from the work of a single community and, therefore, is 
a very different concept than ichnofacies, and is applicable to 
different scale analysis (Bromley, 1990, 1996). Occasionally, 
the term “ichnofacies” has been used at a different scale. For 
example, Fockley et al. (1987) introduced the Curvolithus ichno- 
facies, but specified that this may be better understood as a sub- 
division of the Cruziana ichnofacies (see also Bromley, 1990, 
1996). Another related concept is ichnosubfacies, which has 
been used mostly in the context of deep-marine ichnofaunas 
(e.g. Uchman, 2009). 

As noted by Pemberton et al. (1992b), the ichnofacies model 
is analogous to facies models and, accordingly, archetypal 
ichnofacies are produced through a “distillation” process that 
concentrates the diagnostic features of various ichnofaunas 
and eliminates the local peculiarities or the “noise” of the 
particular examples (Walker, 1984). As in the case of facies 
models, an ichnofacies serves as a norm for purposes of com- 
parison, framework, and guide for future observations, predic- 
tor in new situations, and basis for interpretation. Of course, 
at a local scale, discrete ichnofacies may be subdivided into 
different assemblages with paleoecological and paleoenviron- 
mental implications, integrating sedimentological and ichno- 
logical datasets (MacEachern et al., 1999a; Mcllroy, 2004a). In 
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4.2 Softground marine ichnofacies 
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Psilonichnus ichnofacies 




1 . Psilonichnus 

2. Coenobichnus 

3. Celiicaiichnus 

4. Root traces 

5. Macanopsis 

6. Vertebrate traces 

7. Arthropod tracks and trails 



Figure 4.1 Schematic reconstruc- 
tion of the Psilonichnus ichno- 
facies. 



shallow-marine clastic successions, this approach has resulted 
in models of onshore-offshore ichnofacies gradients that have 
been extremely useful in refining environmental zonations (e.g. 
MacEachern et al., 1999a). Similar subdivisions have been sug- 
gested for tide-dominated shorelines (Mangano and Buatois, 
2004a). Additionally, the incorporation of concepts and meth- 
ods derived from the ichnofabric approach, such as the recog- 
nition of the taphonomic factors involved in the shaping of 
particular ichnofacies (Bromley and Asgaard, 1991), should 
be taken into account to produce more robust models. Based 
on these ideas, Bromley and Asgaard (1991) noted that some 
ichnofacies are closely related to biofacies, while others are 
more akin to taphofacies. 

Ichnofacies has been historically established based on 
invertebrate ichnotaxa. Exceptionally, vertebrate trace fossils, 
such as the fish trail Undichna, were noted as common in 
the freshwater Mermia ichnofacies (Buatois and Mangano, 
1995b), and various vertebrate trackways are documented 
in the Psilonichnus and Scoyenia ichnofacies (e.g. Frey and 
Pemberton, 1986). More recently, attempts have been made 
to establish ichnofacies based on vertebrate trace fossils 
(Lockley et ah, 1994; Hunt and Lucas, 2007). Hunt and Lucas 
(2007) noted the existence of two traditions in ichnology, the 
ethological and the biotaxonomic. Invertebrate ichnologists 
mostly use an ethological approach characterized by nam- 
ing structures based on the behavior represented. This is the 
most standard practice in ichnology. However, vertebrate 
ichnologists commonly apply a biotaxonomic approach, 
attempting to relate trackways to the taxonomy of the pro- 
ducer. Ichnologists working with insect trace fossils in pale- 
osols represent a departure from this dichotomy because they 
commonly employ a taxonomic approach (e.g. Genise, 2004). 



Accordingly, Hunt and Lucas (2007) noted that invertebrate 
ichnofacies are ethoichnofacies, while vertebrate ichnofacies 
are biotaxonichnofacies. Ichnofacies fall broadly into four 
main categories: softground marine ichnofacies, substrate- 
controlled ichnofacies, continental invertebrate ichnofacies, 
and vertebrate ichnofacies. The rest of this chapter is mainly 
devoted to analyzing each of these ichnofacies. 

4.2 SOFTGROUND MARINE ICHNOFACIES 



Softground marine ichnofacies are probably the most trad- 
itional ichnofacies, and have been the focus of the majority 
of ichnological research until the recognition of the sequence- 
stratigraphic significance of substrate-controlled ichnofacies 
(Pemberton et al., 1992b). Five archetypal softground marine 
ichnofacies are recognized at present: Psilonichnus, Skolithos, 
Cruziana, Zoophycos, and Nereites. 

4.2.1 PSILONICHNUS ICHNOYACmS 

The Psilonichnus ichnofacies is a subsequent addition to the set 
of Seilacherian ichnofacies, and was introduced by Frey and 
Pemberton (1987). This ichnofacies has been further explored 
in more recent papers (e.g. Nesbitt and Campbell, 2006; Netto 
and Grangeiro, 2009). It characterized by: (1) dominance of 
vertical J-, Y-, or U-shaped dwelling burrows produced by ghost 
crabs; (2) presence of small, unlined vertical dwelling burrows 
with bulbous basal cells produced by arachnids and insects; (3) 
local presence of vertebrate trackways and invertebrate trails 
and trackways; (4) root traces; (5) coprolites; (6) low ichnodi- 
versity; and (7) low abundance (Fig. 4.1). 
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Figure 4.2 Psilonichnus upsilon 
in eolian calcarenites. Holocene, 
Hanna Bay Member, Rice Bay 
Formation, Hanna Bay, San 
Salvador Island, Bahamas, (a) 
Holotype preserved, (b) Inclined 
shaft with partially preserved 
branching. All scale bars are 20 
cm. See Curran (2007). 



The most common component of this ichnofacies is, by far, 
the ichnogenus Psilonichnus (Fig. 4.2a--b), which is produced 
by ghost crabs of the family Ocypodidae and includes several 
ichnospecies (Frey et al., 1984a; Frey and Pemberton, 1987; 
Mynt, 2001, 2007; Nesbitt and Campbell, 2002; Netto and 
Grangeiro, 2009). Arachnid and insect burrows are currently 
assigned to Cylindricum or Skolithos. Stellate nests of halic- 
tid bees (Cellicalichnus) may also occur (Curran and White, 
2001; Curran, 2007). More rarely, trackways of land hermit 
crabs (Coenobichnus) are present (Walker et ah, 2003). There is 
a remarkable disparity between the relatively rich assemblages 
observed in modern environments, and the poorly diverse 
ichnofaunas preserved in the fossil record. Modern examples 
of the Psilonichnus ichnofacies contain incipient Archaeonassa, 
Protovirgularia, Lockeia, Gordia, and various trackways. 
Invertebrate tracemakers include gastropods, bivalves, worms 
and arthropods. Vertebrate structures include rodent and rep- 
tile burrows, and reptile, mammal, and avian trackways. All 
these invertebrate and vertebrate traces are rarely preserved 
in the fossil examples, clearly revealing very low preservation 
potential (MacEachern et al., 2007a). Trophic types mostly 
include scavengers, deposit feeders, predators, and herbivores 
(Frey and Pemberton, 1987). Halophyte plants may occur in 
these coastal settings and are represented in the ichnological 
record by abundant root traces (Curran, 2007). 

The Psilonichnus ichnofacies is linked to remarkable varia- 
tions in energy, grain size, and salinity. In addition, it is associ- 
ated with subaerial exposure, periodic influx of freshwater due 
to precipitation, and storm surges (Frey and Pemberton 1987). 
This ichnofacies indicates transitional conditions between mar- 
ine and continental settings. According to MacEachern et al. 
(2007a), marine conditions usually prevail during spring tides 
and storms, while continental processes (mostly eolian) are 
dominant during neap tides and non-storm periods. In terms of 
specific depositional environments, the Psilonichnus ichnofacies 
is typical of coastal environments, both carbonate and clastic, 
including barrier islands, strand plains, delta plains, estuaries. 



lagoons, and bays. Within these settings it may be present in 
backshore areas, washover fans, coastal dunes and suprati- 
dal flats (Frey and Pemberton, 1987) (see Sections 7.1.1 and 
11.1.1). Low diversity and abundance of trace fossils is related 
to the stressful conditions dominant in these environments, 
and to a taphonomic overprint resulting from low fossilization 
potential. Stressful conditions also promote the presence of 
opportunistic organisms, rather than climax faunas. 

The Psilonichnus ichnofacies can be subdivided in landward 
and seaward associations. The landward association tends to be 
dominated by insect and arachnid burrows and nests, while the 
marine association is commonly monospecific and composed of 
Psilonichnus (Curran, 2007). The landward association grades 
towards the continent into freshwater and terrestrial ichno- 
facies, namely the Scoyenia ichnofacies and the Coprinisphaera 
or Termitichnus ichnofacies, depending on the nature of the 
plant formations in the coastal plain. In carbonate shorelines, 
the Psilonichnus ichnofacies grades into the Celliforma ichno- 
facies. The seaward association is replaced by the Skolithos 
ichnofacies in a seaward direction, this transition being rela- 
tively abrupt, at least as encountered in modern environments 
(Frey and Pemberton, 1987). 

Due to its low diversity, recognition of the Psilonichnus ichno- 
facies is in practice, unfortunately, closely linked to the identifi- 
cation of the eponymous ichnogenus. This is complicated by the 
fact that ghost crabs and their burrows are unknown in pre-Cre- 
taceous rocks. Therefore, recurrence of the Psilonichnus ichno- 
facies is much lower than that of the other marine softground 
ichnofacies and even of that of the freshwater ichnofacies. 

4.2.2 SKOLITHOS ICHNOPACWS 

The Skolithos ichnofacies is one of the original ichnofacies 
introduced by Seilacher (1963b, 1967b) as the Skolithos facies, 
and subsequently systematized in a series of papers (e.g. Frey 
and Seilacher, 1980; Frey and Pemberton, 1984, 1985). It is 
characterized by: (1) dominance of vertical, cylindrical, simple 
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SkolHhos Ichnofacies 




1 * Skollthos 
2 > Ophiomorpha 
3 > AmnicolHas 
4 - Diplocraterion 



Figure 4.3 Schematic reconstruc- 
tion of the Skolithos ichnofacies. 




Figure 4.4 Examples of typical 
components of the Skolithos ichno- 
facies. Note dominance of vertical 
burrows and very low ichnodiversity. 
(a) Outcrop expression. Skolithos 
linearis (Sk) and Diplocraterion 
parallelum (Di). Lower Cambrian, 
Lake O’Hara Member, St. Piran 
Formation, Gog Group, Fairview 
Mountain, southern Canadian 
Rocky Mountains. Scale bar is 10 
cm. See Desjardins eta/. (2010a). (b) 
Outcrop expression. Ophiomorpha 
borneensis. Lower to Middle 
Miocene, Gaiman Formation, 
Bryn Gwyn Paleontological Park, 
Patagonia, southern Argentina. 
Lens cap is 5.5 cm. See Scasso and 
Bellosi (2004). (c) Core expres- 
sion. Ophiomorpha nodosa. Middle 
Eocene, Pauji Formation, Motatan 
Field, Maracaibo Basin, western 
Venezuela. Core width is 6 cm. See 
Delgado et al. (2001). 



or U-shaped dwelling burrows of suspension feeders and pas- 
sive predators; (2) presence of spreiten U-shaped equilibrium 
burrows and escape traces; (3) abundance of three-dimensional 
burrow systems dominated by vertical components; (4) scarcity 
of horizontal traces produced by a mobile fauna; (5) low ichno- 
diversity; and (6) variable abundance (Figs. 4.3 and 4.4a-c). 

The most common ichnogenera of the Skolithos ichnofacies 
are Skolithos, Ophiomorpha, Arenicolites, and Diplocraterion. 
Conichnus and Bergaueria may occur locally. Typical producers 
are polychaetes, siphunculids, crustaceans, and sea anemones. 



Horizontal traces, although common in modern occurrences, 
are not preserved in fossil examples of the Skolithos ichnofacies, 
due to intense erosion that only allows preservation of deeper 
vertical burrows. Preservational bias reveals the importance 
of taphonomic factors in the final shaping of the ichnofacies 
(Bromley and Asgaard, 1991). 

Dominance of vertical burrows of suspension feeders reveals 
high abundance of organic particles that are kept in suspension 
in the well-oxygenated water column by waves and currents. 
However, some U-shaped burrows commonly lacking spreite 
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may be produced by a deposit-feeding infauna (Bromley, 1990, 
1996). Other animals clearly display passive predation strategies 
seeking refuge within the burrow and preying on other organ- 
isms that are caught by the tentacles and carried to the mouth 
(Ruppert et al., 2004). Deep emplacement of most of these 
burrows suggests relatively high energy and intense erosion. 
Erosion is also revealed by the common presence of truncated 
burrows. Spreite in U-shaped burrows may be either protrusive 
or retrusive, and develop in response to substrate aggradation 
or degradation, representing equilibrium structures. Under con- 
ditions of episodic sedimentation, escape traces develop. The 
predominance of vertical components over horizontal compo- 
nents indicates relatively high energy (Howard and Frey, 1984; 
Anderson and Droser, 1998). Burrows are permanent domiciles, 
which are lined to preclude collapse in shifting and soft sandy 
substrates that serve mainly as anchoring media (MacEachern 
et al, 2007a). Low ichnodiversity, typically monospecific occur- 
rences, reflects stressful conditions related to relatively high 
energy. Trace-fossil abundance is highly variable. Some deposits 
containing the Skolithos ichnofacies are sparsely bioturbated 
revealing short-term colonization windows. In contrast, other 
deposits are pervasively bioturbated forming Skolithos pipe 
rock (Droser, 1991; Desjardins et al, 2010a). 

In terms of depositional settings, the Skolithos ichnofacies is 
typical of foreshore to upper- and middle-shoreface environments 
of wave-dominated shorelines. In these wave-dominated systems, 
the Skolithos ichnofacies grades seawards into the Cruziana 
ichnofacies (see Section 7. 1). However, similar conditions to that 
of nearshore settings also occur in a wide variety of sedimentary 
environments. Also in wave-dominated clastic environments, the 
Skolithos ichnofacies may be present displaying post-depositional 
suites in tempestites emplaced in deeper positions, typically lower 
shoreface to lower offshore, where they record opportunistic col- 
onization of sandy substrates (e.g. Vossler and Pemberton, 1988). 
In the case of tide-dominated shorelines, the Skolithos ichno- 
facies typically occur in subtidal sandbars to lower-intertidal 
sand flats depending of the tidal regime and, therefore, grade 
landwards into the Cruziana ichnofacies (Mangano and Buatois, 
1999b, 2004a) (see Section 7.2). The Skolithos ichnofacies may 
also occur in numerous marginal-marine environments, com- 
monly in areas of moderately high energy, such as delta fronts, 
sandy bars and spits, tidal inlets, flood and ebb tidal deltas, sandy 
bay margins, estuary-mouth complexes, and bay-head deltas 
(MacEachern et al, 2007a). However, these settings are usually 
associated with additional stress conditions due to salinity fluc- 
tuations and water turbidity and, therefore, the Skolithos ichno- 
facies displays even lower diversity than in their fully marine 
counterparts (see Chapter 8). The Skolithos ichnofacies is also 
present in deep-marine turbidite systems, commonly in channels 
and lobes of proximal to middle areas which are characterized by 
high energy, shifting sandy substrates, rapid deposition, high ero- 
sion, and good oxygenation, therefore mimicking conditions in 
shallow-marine zones (Crimes, 1977) (see Section 9.2). However, 
typical shallow-water forms (e.g. Ophiomorpha, Skolithos) are not 
restricted to the most proximal zones of deep-sea systems, but 



also occur in distal zones, if these are affected by turbidity cur- 
rents (Uchman, 1991a). The presence of simple and U-shaped 
burrows in high-energy sites of continental systems, such as flu- 
vial channels and lacustrine deltaic mouth bars, may indicate 
that the Skolithos ichnofacies also occurs in freshwater settings 
(Buatois and Mangano, 1998, 2004a) (see Sections 10.2 and 10.3). 
The broad spectrum of depositional environments in which the 
Skolithos ichnofacies may occur reflects the opportunistic nature 
of this ichnofacies. 

The Skolithos ichnofacies may be subdivided in order to refine 
paleoenvironmental zonations. Bromley and Asgaard (1991) have 
even suggested the possibility of distinguishing two different 
ichnofacies. In this scheme, the Skolithos ichnofacies character- 
izes fair-weather conditions in nearshore, continuously agitated 
waters, while the Arenicolites ichnofacies is typical of opportun- 
istic colonization of episodic sandstone beds (tempestites and tur- 
bidites). However, it has been noted that the archetypal Skolithos 
ichnofacies can accommodate this variability (Pemberton et al, 
1992d; 2001; Goldring, 1993). MacEachern et al. (2007a) sug- 
gested subdivisions of the Skolithos ichnofacies according to 
proximal-distal trends. These authors indicated that while the 
archetypal Skolithos ichnofacies characterizes proximal environ- 
ments, a distal expression can also be recognized. Although still 
dominated by suspension burrows, the distal Skolithos ichnofacies 
includes some structures produced by detritus and deposit feeders 
(e.g. Cylindrichnus, Rosselia). Within this framework, the distal 
Skolithos ichnofacies is considered intergradational with proximal 
expressions of the Cruziana ichnofacies in wave-dominated set- 
tings. Under conditions of very high energy, such as those typical 
of the foreshore and upper shoreface in wave-agitated beaches, 
the archetypal Skolithos ichnofacies is replaced by an assemblage 
dominated by the ichnogenus Macaronichnus (Pemberton et al, 
2001) (see Section 7.1.2). Furthermore, distinction between shal- 
low and deep occurrences of the Skolithos ichnofacies may be 
possible. Ongoing studies suggest that taxonomic assignments at 
ichnospecific level may help to distinguish the composition of the 
Skolithos ichnofacies in shallow- and deep-marine environments. 

The Skolithos ichnofacies is known since the Cambrian, 
although it is not present in earliest Cambrian rocks (Mangano 
and Buatois, 2007). This ichnofacies has experienced varia- 
tions in taxonomic composition through the Phanerozoic. The 
most notable one is the common replacement of Skolithos by 
Ophiomorpha as the dominant form in post-Paleozoic occur- 
rences, probably reflecting the Mesozoic radiation of decapod 
crustaceans (Carmona et al, 2004). 

4.2.3 CRUZIANA ICHNOFACIES 

The Cruziana ichnofacies originated from recurrent trace-fossil 
assemblages observed by Seilacher (1954, 1955b, 1958) in what 
were called molasse deposits, and was subsequently referred to 
as the Cruziana facies of the original ichnofacies model (e.g. 
Seilacher, 1963b, 1964a, 1967b). More formal definitions were 
provided by Frey and Seilacher (1980), and Frey and Pemberton 
(1984, 1985). It is characterized by: (I) dominance of horizontal 
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Cruziana ichnofacies 




1 . Arthrophycus 

2 . Phy codes 

3 . Rhizocorallium 

4 . Teichichnus 

5 . Arenicolites 

6 . Rosselia 

7 . Bergaueria 

8 . Thalassinoides 

9 . Lockeia 

10 . Protovirgularia 

1 1 . Curvolithus 

12 . Dimorphichnus 

13 . Cruziana 

14 . Rusophycus 




Figure 4.5 Schematic reconstruc- 
tion of the Cruziana ichnofacies. 




Figure 4.6 Examples of the Cruziana ichnofacies. Note dominance of horizontal structures and high ichnodiversity. (a) Outcrop expression. 
Base of sandstone slab containing Curvolithus simplex (Cs), Curvolithus multiplex {Cm), Lockeia siliquaria (Ls), Diplocraterion isp. (Di), 
Asteriacites lumhricalis (Al), Cruziana problematica (Cp), Protovirgularia bidirectionalis {Pb). Upper Pennsylvanian, Stull Shale Member, 
Kanwaka Shale Formation, Shawnee Group, Waverly, eastern Kansas, United States. Scale bar is 5 cm. See Mangano and Buatois (2004b). 
(b) Core expression. Chondrites isp. (Ch), Thalassinoides isp. (Th), Teichichnus rectus (Tr), Planolites isp. (PI), Asterosoma isp. and 
Rhizocorallium isp. (Rh). Chondrites is locally reworking Thalassinoides burrow fills. Upper Cretaceous, Napo Formation, Auca Field, Oriente 
Basin, northeast Ecuador. Core width is 8 cm. 



traces and subordinate presence of vertical and inclined struc- 
tures; (2) a wide variety of ethological categories, including 
locomotion, feeding, resting, dwelling, and grazing traces; (3) 
dominance of deposit and detritus feeding traces, although 



suspension feeding and predation are also involved; (4) domi- 
nance of traces produced by a mobile fauna and subordinate 
presence of permanent domiciles; (5) high ichnodiversity; and 
(6) high abundance (Figs. 4.5 and 4.6a-b). 
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The most common elements of the Cruziana ichnofacies are 
various types of locomotion, resting, feeding, dwelling, and graz- 
ing traces. Locomotion trails include Cruziana, Didymaulichnus, 
Protovirgularia, Archaeonassa, Gyrochorte, and Curvolithus, 
while Diplichnites, Dimorphichnus, and Monomorphichnus 
represent examples of trackways. Resting traces are illustrated 
by Rusophycus, Asteriacites, and Lockeia. Feeding structures 
may include inclined to horizontal U-shaped traces, such as 
Rhizocorallium, and other structures of variable complex- 
ity, such as Phycodes, Heimdallia, Arthrophycus, Teichichnus, 
Phoehichnus, Phycosiphon, and Asterosoma. Dwelling-burrow 
systems are mostly represented by the facies-crossing ichno- 
genus Palaeophycus and by Ophiomorpha and Thalassinoides 
displaying dominance of horizontal to inclined components. 
Vertical cylindrical burrows, such as Rosselia, Cylindrichnus, and 
Schaubcylindrichnus, may be present but are rarely dominant. 
Nonspecialized simple grazing trails (e.g. Helminthoidichnites, 
Gordia, Helminthopsis) may occur also. 

Producers are extremely variable, reflecting the abundance and 
diversity of benthic fauna, and include arthropods, mollusks 
(mostly bivalves and gastropods), echinoderms (ophiuroids and 
echinoids), and many different types of worm-like animals (e.g. 
polychaetes). The Cruziana ichnofacies not only includes deep- 
tier structures but traces emplaced close to the sediment-water 
interface. The overall aspect of the assemblage varies according 
to the degree of maturity reached by the community that controls 
the degree of bioturbation and burrowing depth (Bromley and 
Asgaard, 1991; Bromley, 1990, 1996). 

Dominance of horizontal structures produced by a mobile 
fauna reflects accumulation of organic detritus in the sediment 
under moderate- to low-energy conditions. Associated sub- 
strates vary from silty to sandy, and are represented by inter- 
bedded layers of sandstone and siltstone forming heterolithic 
successions. Preservation of horizontal trace fossils is favored 
by the presence of these sandstone-mudstone interfaces. Lack 
of lithological contrast usually inhibits preservation and visibil- 
ity of biogenic structures. The variable ethologies and trophic 
types represented, and the high diversity and abundance of bio- 
genic structures commonly reflect overall environmental stabil- 
ity and low to moderate sedimentation rates. However, episodic 
sedimentation (i.e. storms) may punctuate fair-weather condi- 
tions, leading to ichnofaunal turnovers. 

Environmentally, this ichnofacies occurs from slightly 
above the fair-weather wave base to the storm wave base, in a 
zone ranging from the lower shoreface to the lower offshore 
in wave-dominated seas (MacEachern and Pemberton, 1992; 
MacEachern et ah, 1999a) (see Section 7.1). Conversely, in tide- 
dominated shorelines the Cruziana ichnofacies occurs landward 
of the Skolithos ichnofacies, broadly between high and low tide, 
albeit depending on tidal regime (Mangano and Buatois, 2004a) 
(see Section 7.2). The Cruziana ichnofacies also occurs in pro- 
tected areas of marginal-marine, brackish-water environments, 
such as estuarine basins, bays, and lagoons. However, stressful 
conditions in these restricted settings dramatically reduced over- 
all diversity, resulting in impoverished assemblages (MacEachern 
and Pemberton, 1994) (see Chapter 8). 



Subdivisions of the Cruziana ichnofacies have been proposed in 
a series of studies by MacEachern et al. (1999a, 2007a). While the 
archetypal Cruziana ichnofacies characterizes the upper offshore 
to offshore transition, proximal and distal expressions are typical 
of the lower shoreface and the lower offshore, respectively. The 
proximal Cruziana ichnofacies is transitional with the Skolithos 
ichnofacies. Accordingly, although assemblages are dominated by 
deposit-feeding structures, they contain large numbers of dwell- 
ing traces of suspension feeders and passive predators. Distal 
expressions of the Cruziana ichnofacies are transitional with 
the Zoophycos ichnofacies. Assemblages of the distal Cruziana 
ichnofacies contain significant numbers of grazing trails and spe- 
cialized feeding traces. Phycosiphon, Helminthopsis, Chondrites, 
Zoophycos, and Planolites tend to dominate. 

The Cruziana ichnofacies is known since the Cambrian. 
However, an incipient Cruziana ichnofacies occurs in Ediacaran 
rocks, but is poorly diverse and dominated by grazing trails. The 
Cruziana ichnofacies has experienced remarkable evolution- 
ary changes through the Phanerozoic, mostly reflecting faunal 
replacements and an increase in burrowing depth and extent of 
bioturbation (see Section 14.2.1). 

4.2.4 Z00Pf/yC05 ICHNOFACIES 

The Zoophycos ichnofacies, one of the original ichnofacies pro- 
posed in the Seilacherian model, was formerly referred to as the 
Zoophycos facies. It has subsequently been systematized in differ- 
ent studies (e.g. Frey and Seilacher, 1980; Frey and Pemberton, 
1984, 1985; Bromley, 1990, 1996). It is characterized by: (1) dom- 
inance of relatively simple to complex feeding structures with 
spreite; (2) subordinate occurrence of grazing traces; (3) dom- 
inance of deep-tier structures of deposit feeders or farmers; (4) 
low ichnodiversity; and (5) high abundance (Fig. 4.7). 

Zoophycos is the typical ichnogenus, but Phycosiphon, 
Chondrites, and certain ichnospecies of Nereites (notably 
N. missouriensis, previously referred to as Scalarituba) are pre- 
sent also. In fact, Frey and Pemberton (1984) noted that replace- 
ment of Zoophycos by Phycosiphon as the dominant ichnogenus is 
common. In many instances, the presence of the Zoophycos ichno- 
facies is recorded by monospeciflc occurrences of the ichnogenus 
itself The inferred producers of Zoophycos are echiuran worms 
(Kotake, 1992). Other tracemakers in this ichnofacies include 
different types of worm-like animals, such as enteropneusts and 
polychaetes. Ethologically, Zoophycos was originally considered 
the feeding trace of a deposit-feeding organism (Seilacher, 1967a). 
However, more recently it has been regarded as reflecting bacterial 
farming (Bromley, 1991; Fu and Werner, 1995). 

The Zoophycos ichnofacies is in all probability the most prob- 
lematic of all archetypal ichnofacies, and has been dubbed “the 
black sheep of the family of marine softground ichnofacies” by 
Bromley (1990, 1996). Most of the complications result from 
the fact that recognition of this ichnofacies is, in practice, too 
dependent on the identification of Zoophycos itself Therefore, 
uncertainties in the ethological interpretation of Zoophycos 
complicate evaluation of the paleoecological significance of the 
ichnofacies. The classical interpretation is that the Zoophycos 
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Zoophycos ichnofacies 




ichnofacies is linked to poor oxygenation (e.g. Frey and Seilacher, 
1980; Frey and Pemberton, 1984, 1985). According to this view, 
the ichnogenus Zoophycos and other members of the ichnofacies 
are seen as the product of opportunistic organisms (Ekdale, 
1985; M. Miller, 1991). Subsequently, other authors noted that 
the Zoophycos ichnofacies is dominated by deep-tier structures 
in intensely bioturbated substrates that result from the activity 
of climax communities (Bromley and Asgaard, 1991; Bromley, 
1990, 1996). Furthermore, complexity and downward increase 
in size of some specimens of Zoophycos seem to be inconsistent 
with its interpretation as the product of opportunistic organ- 
isms and, in contrast, indicate “once in a lifetime” construction 
(Bromley, 1990, 1996). Zoophycos and Chondrites penetrate 
deeply into the substrate in oxygen-depleted sediment, but this 
does not necessarily indicate poor oxygenation in bottom waters. 
Intense bioturbation also argues against oxygen depletion. Also, 
it was originally thought that the Zoophycos ichnofacies occurs 
in areas free of turbidity currents (Seilacher, 1967b). This is 
supported by the fact that typically the Zoophycos ichnofacies 
occurs in silt and clay substrates that slowly and continuously 
accumulate due to suspension fallout, allowing intense levels 
of bioturbation (MacEachern et al., 2007a). However, it has 
been also recognized in sandy substrates deposited by turbid- 
ity currents and debris flows in slope environments, albeit with 
traces emplaced during times of background sedimentation 
(Buatois and Mangano, 1992). It has also been proposed that 
the Zoophycos ichnofacies is present in organic-rich substrates 
under conditions of abundant food supply that may have inhib- 
ited development of the Nereites ichnofacies (D’Alessandro 
et al., 1986; Buatois and Lopez Angriman, 1992b). However, 
this interpretation only seems to work if Zoophycos and the 
associated components of the ichnofacies represent the work of 
deposit feeders rather than microbial farmers. 

Another problem derives from the fact that Zoophycos has 
a broad paleobathymetric range. MacEachern et al. (2007a) 
concluded that such a widespread environmental range sug- 
gests that the Zoophycos animal tolerates a considerable range 
of water depths, substrate types, food resources, energy levels. 



Figure 4.7 Schematic reconstruc- 
tion of the Zoophycos ichnofacies. 

and oxygen content. To complicate matters further, Zoophycos 
experienced an onshore-offshore migration throughout the 
Phanerozoic (Bottjer et al., 1988). Because Zoophycos is very 
common in Paleozoic shallow-marine rocks, recognition of the 
ichnofacies in deposits of this age may become problematic, 
and some authors have even suggested that the utility of this 
ichnofacies is very limited in Paleozoic strata (M. Miller, 1991). 

In the original model proposed by Seilacher (1964a, 1967b), 
the Zoophycos ichnofacies occurs between the Cruziana and 
Nereites ichnofacies. Environmentally, it characterizes quiet- 
water settings below the storm wave base, particularly in shel- 
fal to slope areas (see Sections 7.1.9 and 9.1). However, it may 
occur at shallower and deeper water. Shallow-water occurrences 
are common in Paleozoic epeiric seas (Marintsch and Finks 
1982; Frey and Pemberton, 1984), while deep-marine examples 
are more typical of post-Paleozoic mudstone that characterizes 
interturbidite times (Wetzel, 1984). According to MacEachern 
et al. (2007a), the Zoophycos animal was able to compete suc- 
cessfully with the diverse benthic fauna associated with the 
Cruziana and Nereites ichnofacies, but few other organisms 
were able to compete with Zoophycos in oxygen-depleted envi- 
ronments. Therefore, Zoophycos tends to be dominant in shelf 
and slope environments. The Zoophycos ichnofacies is known 
since the Ordovician, although it is well established in shelf and 
slope areas by the Silurian (Bottjer et al, 1988). 

4.2.5 ICHNOFACIES 

The Nereites ichnofacies originated from recurrent trace-fossil 
assemblages that Seilacher (1954, 1958) documented from what 
were referred to as flysch deposits. These examples form the basis 
of what was subsequently named the Nereites facies (e.g. Seilacher, 
1963b, 1964a, 1967b) of his original ichnofacies model. A more 
systematic treatment and formal definitions were subsequently 
provided by Erey and Seilacher (1980) and Erey and Pemberton 
(1984, 1985). It is characterized by: (1) dominance of complex 
graphoglyptids produced by animals that farm bacteria and trap 
microorganisms; (2) presence of sophisticated grazing trails and 
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9. Urohelminthoida 
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1 1 . Paleodictyon Figure 4.8 Schematic reconstruc- 

12. Scolicia tion of the Nereites ichnofacies. 



feeding traces of detritus and deposit feeders; (3) dominance of 
shallow-tier trace fossils; (4) very high ichnodiversity; and (5) high 
abundance, but low density, of individual ichnotaxa (Fig. 4.8). 

Graphoglyptids are arguably the diagnostic components 
of the ichnofacies. Typical graphoglyptid ichnogenera are 
Paleodictyon, Protopaleodictyon, Spirorhaphe, Urohelminthoida, 
Desmograpton, Megagrapton, Acanthorhaphe, Helicolithus, 
Belorhaphe, Spirocosmorhaphe, and Paleomeandron. Grazing 
trails are represented by guided meandering traces, such 
as highly specialized ichnospecies of Nereites and Scolicia. 
Helminthorhaphe and Cosmorhaphe may either represent graz- 
ing trails or graphoglyptids. Feeding traces include radial 
structures (Glockerichnus, Lorenzinia, Capodistria), branched 
systems (Polykampton, some ichnospecies of Treptichnus) and 
simpler forms (Halopoa, Fustiglyphus, Circuliclmis). Resting 
traces are relatively rare and mostly represented by the ichnoge- 
nus Cardioichnus, which commonly intergrades with Scolicia. 

Although the Nereites ichnofacies is clearly dominated by shal- 
low-tier traces, the presence of complex structures and the high 
ichnodiversity indicate the activity of climax communities with 
enough time to develop specialized and varied behavioral patterns 
(Seilacher, 1977a; W. Miller, 1991a). This is only possible under 
very stable environmental conditions in an overall low-energy, 
well-oxygenated setting. In addition, the presence of sophisticated 
feeding strategies suggests scarce food resources. In the case of 
delta-fed turbidity systems, the Nereites ichnofacies has been reported 
to occur in organic-rich deposits (Fiirsich et al., 2007; Olivero et ah, 
2010). These occurrences either reflect that oligotrophy is not a lim- 
ited factor in graphoglyptid distribution (Fiirsich et al, 2007) or 
that trophic resources fluctuate, with graphoglyptids colonizing the 
sea bottom during times of oligotrophy (Olivero et al., 2010). 



The benthic community associated with the Nereites ichnofacies 
typically flourishes in environments characterized by slow, con- 
tinuous suspension fallout deposition of silt and clay. However, 
distinctive elements of the Nereites ichnofacies are typically pre- 
served as positive hyporeliefs on the base of sandstone turbidites. 
While graphoglyptids of the Nereites ichnofacies reflect the activ- 
ity of a benthic fauna developed in muddy, low-energy substrates, 
their preservation is linked to turbidity currents that punctuate 
fallout of fine-grained sediment (Seilacher, 1962, 1977a). The 
standard explanation is that turbidity currents erode the upper- 
most millimeters of the substrate and cast with sand the shallowly 
emplaced biogenic structures. More recently, Seilacher (2007a) 
proposed that the excellent preservation of these delicate traces is 
due to a shock wave immediately prior to deposition that sucks the 
unconsolidated mud into suspension without significant erosion. 
In either case, preservation of graphoglyptids can only take place 
in zones affected by turbidity currents. In the absence of event 
sedimentation, the activity of the deep-tier bioturbators would 
have destroyed all the shallowly emplaced traces (Bromley and 
Asgaard, 1991). In fact, biogenic structures similar to those in the 
Nereites ichnofacies have been observed in modern abyssal plains 
in areas beyond the reach of turbidity currents (Hollister et al, 
1975; Ekdale and Berger, 1978; Kitchell etal, 1978b; Ekdale, 1980; 
Gaillard, 1991). However, pelagic deposits are characterized in the 
fossil record by intensely mottled textures and a few discrete traces, 
such as Zoophycos, Planolites, and Teichichnus (Ekdale, 1977; 
Ekdale and Berger, 1978). Ekdale and Berger (1978) suggested 
the existence of an abyssal or deep-sea ichnofacies that occupies 
deeper settings than the Nereites ichnofacies, although the absence 
of discrete trace fossils in these sediments complicates further char- 
acterization of this potential ichnofacies (see Section 9.4). 
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The Nereites ichnofacies is arguably the one that displays the 
closest links with a certain bathymetry. It occurs in base-of-slope 
turbidity systems and is particularly common in thin-bedded 
turbidites that accumulate in the fringe of terminal splays, cre- 
vasse splays and levees (see Section 9.2.1). Potential occurrences 
in shallower settings await further documentation (Gierlowski- 
Kordesch and Ernst, 1987; Ernst and Gierlowski-Kordesch, 1989; 
Ting et ah, 1991). However, the ichnogenus Paleodictyon, a typ- 
ical component of the Nereites ichnofacies, has been documented 
in shallow-water prodelta turbidites (Fiirsich et ah, 2007). In add- 
ition, it has been demonstrated that the Nereites ichnofacies may 
extend into sub-neritic environments during rapid shallowing 
(Uchman et ai, 2004a) and relatively shallow-water delta-fed tur- 
bidite systems (Olivero et al, 2010). 

The Nereites ichnofacies was subdivided by Seilacher (1974) 
into the Nereites and Paleodictyon ichnosubfacies. The Nereites 
ichnosubfacies typifies the most distal parts of the turbidite 
systems characterized by very thin intercalations of turbidite 
sandstone and background mudstone. This ichnosubfacies is 
dominated by backfilled trace fossils of deposit feeders, such as 
Nereites, Phycosiphon, Dictyodora, and Zoophycos. According 
to Seilacher (1974), the Paleodictyon ichnosubfacies tends to 
occur in slightly more proximal settings where turbidite sand- 
stones weather out as resistant beds with graphoglyptids (e.g. 
Paleodictyon, Plelicolithus, Urohelminthoida, Desmograpton) 
preserved at the base. Although proximality trends may be 
established, local factors play a key role in controlling distri- 
bution of these two ichnosubfacies, with food supply prob- 
ably being a limiting factor (Wetzel and Uchman, 1998). More 
recent research has suggested the existence of a third ichnosub- 
facies, the Ophiomorpha rudis ichnosubfacies, which consists of 
a few ichnotaxa, typically Ophiomorpha rudis, O. annulata, and 
Scolicia, and less commonly, Nereites irregularis. Chondrites, 
and a few graphoglyptids (Uchman, 2009). This ichnosubfacies 
occurs in channel and proximal-lobe deposits (see Section 9.2). 

The Nereites ichnofacies is known since the Ordovician. 
Cambrian deep-marine ichnofaunas are remarkably different from 
their younger counterparts, and deviate from the basic features of 
the Nereites ichnofacies (Orr, 2001 , Buatois and Mangano, 2003a). 
Furthermore, the Nereites ichnofacies has experienced numer- 
ous changes through the Phanerozoic, including progressive size 
decrease of its components, increase in diversity and increase in 
the degree of complexity of some of the trace fossils (Seilacher, 
1974, 1977a; Uchman, 2003, 2004a) (see Section 14,2.2). 

4.3 SUBSTRATE-CONTROLLED ICHNOFACIES 



Substrate-controlled ichnofacies have received a lot of atten- 
tion during the last two decades after the realization that they 
are very useful to delineate surfaces with sequence-stratigraphic 
implications (MacEachern eta/., 1992; Pemberton et a/., 1992b, 
2004) (see Chapter 12). Four substrate-controlled ichnofacies are 
regarded here as valid: Glossifungites, Trypanites, Gnathichnus, 
and Teredolites. 



4.3.1 GLOSSIFUNGITES ICHNOPACIES 

The Glossifungites ichnofacies was originally proposed by 
Seilacher (1967b), subsequently redefined by Frey and Seilacher 
(1980) and, more recently, reviewed in a number of papers, 
mostly in the context of its sequence-stratigraphic implications 
(Pemberton and Frey, 1985; MacEachern et ai, 1992, 2007a; 
Pemberton et al., 1992b, 2001, 2004). It is characterized by: (1) 
sharp-walled, unlined, passively filled, dwelling burrows of sus- 
pension feeders or passive predators; (2) dominance of robust, 
vertical to subvertical, simple and spreite U-shaped burrows; (3) 
presence of branched burrow systems; (4) presence of burrows 
with ornamented walls; (5) low ichnodiversity; and (6) high 
abundance (Figs. 4.9 and 4.10a-c). 

The most common ichnotaxa in this ichnofacies corres- 
pond to the ichnogenera Diplocraterion, Skolithos, Arenicolites, 
Gastrochaenolites, Thalassinoides, Spongeliomorpha, and 
Rhizocorallium. More rarely, the ichnogenera Fuersichnus and 
Zoophycos have been recognized to occur in the Glossifungites 
ichnofacies (Buatois, 1995; MacEachern and Burton 2000). 
Ironically, the eponymous ichnogenus is a junior synonym of 
Rhizocorallium (Uchman et al., 2000). Firmground burrowers 
include various bivalves, crustaceans, nemerteans, and polycha- 
etes (Pemberton and Frey, 1985; Gingras et al., 2001) (Box 4.1). 

The Glossifungites ichnofacies develops in stable and cohesive 
substrates (firmgrounds), commonly dewatered muds, and, more 
rarely, highly compacted sands (MacEachern et al, 1992, 2007a; 
Pemberton et al, 1992b, 2004). The presence of vertical, unlined 
shafts penetrating into fine-grained intervals reflects the cohesive- 
ness of the substrate. Additional evidence of substrate stability 
at the time of excavation is provided by the passive burrow fill 
and the presence of walls ornamented with striations, as com- 
monly revealed by Spongeliomorpha, Rhizocorallium, Fuersichnus, 
Diplocraterion, and Gastrochaenolites. Passive burrow fills reflect 
colonization by suspension feeders or passive predators that con- 
struct open domiciles, which are subsequently filled by sedimen- 
tation. Other animals, such as crabs, may leave their burrows in 
search for food (Pemberton et al, 1992b). Trace fossils of deposit 
feeders are typically absent in this ichnofacies because nutritious 
particles are scarce in compacted muds. However, corkscrew bur- 
rows similar to Gyrolithes have been recorded (Netto et al, 2007). 
Although ichnodiversity is commonly relatively low, the abun- 
dance of trace fossils is high in the Glossifungites ichnofacies. In 
modem examples, densities of approximately 150 specimens/m^ 
have been documented (Gingras et al, 2001). Even higher dens- 
ities have been estimated in cores and outcrops (Pemberton et al, 
2004; Buatois and Encinas, 2006). 

In siliciclastic deposits, the Glossifungites ichnofacies is 
typically associated with erosional exhumation of previously 
buried sediments, more commonly linked to relative sea-level 
changes, although autogenic erosional processes may be also 
responsible (see Section 12.8; MacEachern et al, 1992, 2007a; 
Pemberton et al, 2004). Colonization of these firmground 
substrates occurs during a depositional hiatus that takes place 
between the erosional event and sedimentation of the overlying 
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Figure 4.9 Schematic reconstruction 
of the Glossifungites ichnofacies. 




Figure 4.10 Examples of the Glossi- 
fungites ichnofacies. (a) Outcrop 
expression. High-density association 
of small Thalassinoides suevicus and 
large specimen of the same ichno- 
taxa. Upper Cretaceous, Hidden 
Lake Formation, Brandy Bay, James 
Ross Island, Antarctica. Scale bar is 
1cm. (b) Outcrop expression. RJ^iz- 
ocorallium isp. penetrating from the 
overlying bed into a firmground. 
Upper Jurassic, Rodiles Formation, 
El Puntal Cliffs, San Martin del 
Mar, Villaviciosa, Asturias, north- 
ern Spain. Scale bar is 5 cm. (c) Core 
expression. Thalassinoides penetrat- 
ing into mudstone and passively 
filled with sand from an overlying 
sandstone. Note circular to subcir- 
cular cross-sections and absence 
of lining. Upper Oligocene-Lower 
Miocene, Naricual Formation, 
Pirital Field, Eastern Venezuela 
Basin. Core width is 9 cm. 



unit. The typical examples of the Glossifungites ichnofaeies have 
been recorded in shallow- to marginal-marine environments. In 
these settings, it is associated with alostratigraphic surfaces, such 
as regressive surfaees of erosion formed during forced regressions 
(see Section 12.2. 1), lowstand erosion surfaces due to relative sea 
level fall (see Seetion 12.2.2), ravinement surfaces formed dur- 
ing transgressions (see Section 12.2.3), and co-planar surfaces 



or amalgamated surfaces of lowstand and transgressive ero- 
sion (e.g. estuarine valley incision surfaces) (see Section 12.2.4; 
MacEachern et al, 1992, 2007a; Pemberton et al., 1992b, 2004). 
More rarely, the Glossifungites ichnofacies has been recorded in 
deep-marine environments associated to incised submarine can- 
yons (see Section 12.2.1; Hayward, 1976). Firmground surfaces 
demarcated by the Glossifungites ichnofacies may be also formed 
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Box 4.1 A modern example of the Glossifungites ichnofacies along the Georgia coast of the United States 

Information from modern environments, although commonly overlooked, may provide valuable information to characterize 
and understand ichnofacies. The Georgia coast of the eastern United States is a fascinating natural laboratory to elucidate the 
producers and mechanisms of formation of the Glossifungites ichnofacies. Here, the Glossifungites ichnofacies occurs in pre- 
viously buried and dewatered muds of Holocene salt marshes that have been subsequently exhumed by beach or tidal-channel 
erosion. Three main intergradational ichnocoenoses have been recognized: (1) a petricolid ichnocoenose; (2) a petricolid- 
pholad-crustacean ichnocoenose; and (3) a petricolid-crustacean-polydoran ichnocoenose. Petricolid and pholad bivalves 
produce incipient Gastrochaenolites, the polychaete Polydora excavate small Diplocraterion-iiks burrows, various polychaetes 
produce incipient Palaeophycus, shrimps construct Thalassinoides galleries, and crabs produce Psilonichnus. Crustaceans tend 
to be dominant in more protected back-barrier settings influenced by low-energy tidal currents, while petricolid and pholad 
bivalves are more characteristic of high-energy foreshore areas affected by wave-induced currents. Other factors influencing the 
distribution of trace-making organisms are density of the relict Spartina root mats, substrate cohesiveness, sediment texture, 
duration of subaerial exposure, and sandblasting from nearshore areas. Neoichnological observations have been essential in 
furthering our understanding of the nature and significance of the Glossifungites ichnofacies. 

Reference: Pemberton and Frey (1985). 



due to autogenic sedimentary processes (see Section 12.8). In 
this case, erosion due to migrating tidal channels and tidal creeks 
represent a common environmental scenario conducive to the 
production and colonization of firmground substrates (Gingras 
et al., 2000; MacEachern et al., 2007a). MacEachern et al. 
(2007a) also noted that long periods of quiescence may be con- 
ducive to the formation of relatively firm mudstones, allowing 
the establishment of the Glossifungites ichnofacies. According to 
these authors, examples of the Glossifungites ichnofacies related 
to autogenic processes tend to show some evidence of burrow 
compaction, contain more deeply penetrating burrows due to 
minimal substrate stiffness, and include ichnogenera less typical 
of firmground settings. 

Stratigraphic and environmental implications of the 
Glossifungites ichnofacies in carbonate rocks are rather different 
(see Section 12.6). Because carbonates commonly undergo rapid 
consolidation and cementation due to early diagenetic processes, 
firmgrounds are not necessarily related to erosional exhum- 
ation of the substrate as in siliciclastic rocks. On the contrary, 
endurated substrates in carbonate rocks are commonly related 
with omission surfaces representing reduced rates of sedimen- 
tation (Bromley, 1975). However, spectacular examples of the 
Glossifungites ichnofacies in ravinement surfaces, analogous to 
those formed in siliciclastic substrates may occur in carbonates 
(Rodriguez-Tovar et al., 2007). 

This ichnofacies can be very heterogeneous displaying 
remarkable spatial variations. Gingras et al. (2001) found that 
degree of substrate firmness, position within the intertidal zone, 
sediment texture, and presence of a sediment veneer rank were 
among the most important controlling factors of the nature and 
composition of modern examples the Glossifungites ichnofacies. 
Spatial heterogeneity revealed by changes in the proportion of 
their components has been documented also in ancient exam- 
ples of this ichnofacies (Carmona et al., 2006). MacEachern 
and Burton (2000) documented an unusual occurrence of the 
Glossifungites ichnofacies dominated by Zoophycos, and also 



having Thalassinoides, Spongeliomorpha, and Rhizocorallium in 
lower offshore deposits. Therefore, these authors suggested 
potential subdivisions of the Glossifungites ichnofacies corre- 
sponding to proximal-distal trends. According to this scheme, 
the archetypal Glossifungites ichnofacies occurs most com- 
monly in high-energy shallow water, while the association with 
Zoophycos represents a distal expression of the Glossifungites 
ichnofacies. Although in its original definition the Glossifungites 
ichnofacies was not restricted to marine environments (Seilacher, 
1967b), continental firmground ichnofaunas are dominated by 
the ichnogenus Scoyenia and related trace fossils, and seem to be 
remarkably different from their marine counterparts (e.g. Buatois 
et ah, 1996a) (see Section 12.7). However, an occurrence of firm- 
ground Rhizocorallium in Miocene fluvial deposits has been 
noted (Fiirsich and Mayr, 1981). The Glossifungites ichnofacies is 
known since the Early Cambrian (Bromley and Hanken, 1991). 

4.3.2 ICHNOFACIES 

The Trypanites ichnofacies was originally introduced by Frey 
and Seilacher (1980), and subsequently revised in a number of 
papers (e.g. Frey and Pemberton, 1984; Pemberton et al., 1992b, 
2001, 2004; Bromley and Asgaard, 1993a; Gibert et al., 1998, 
2007). Bromley and Asgaard (1993a) noted that the Trypanites 
ichnofacies includes two different associations: Entobia (domi- 
nated by deep-tier borings) and Gnathichnus (dominated by 
shallow- to very shallow-tier raspings and etchings). These 
two associations were regarded either as subdivisions of the 
Trypanites ichnofacies or as archetypal ichnofacies that replace 
the more general Trypanites ichnofacies. Subsequent work dem- 
onstrated the archetypal nature and recurrence of the Entobia 
association in cliffs and sediment-starved hardgrounds dur- 
ing most of the Mesozoic and Cenozoic (Gibert et al., 1998, 
2007). MacEachern et al. (2007a) stated that the Entobia and 
Gnathichnus associations are closely associated with tiers and, 
therefore, serve as expressions of the suites that characterize the 
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Trypanites ichnofacies as a whole. Interestingly, this is not really 
different from the distinction between the Nereites (shallow-tier 
structures preserved at the base of turbidites) and Zoophycos 
(deep-tier structures preserved in the fine-grained background 
mudstone) ichnofacies (Wetzel, 1984; Bromley, 1990, 1996). 
Also, it has been noted that the Entobla association is identical 
to the Trypanites ichnofacies on morpho-ethological grounds 
(MacEachern et al., 2007a). Accordingly, the Entobia associa- 
tion is regarded here as an equivalent of the Trypanites ichno- 
facies (see Section 14.2.3). 

The Trypanites ichnofacies is characterized by: (1) dominance 
of deep-tier borings; (2) dominance of sharp-walled, unlined, 
passively filled, vertical to subvertical, cylindrical, simple, tear-, 
vase- or U-shaped dwelling borings of suspension feeders or 
passive predators; (3) presence of branched and multi-cham- 
bered borings produced by suspension feeders; (4) low to mod- 
erate ichnodiversity; and (5) high abundance (Fig. 4.1 1). 

The most common components of the Trypanites ichnofacies 
are Trypanites (simple vertical borings), Gastrochaenolltes (tear- 
shaped borings), and Entobia (branched systems). Other ele- 
ments are Caulostrepsis (U-shaped pouches), Maeandropolydora 
(multi-entrance networks), Conchotrema (branched, multi-aper- 
tured cylindrical borings) and Ubiglobites (vase-shaped borings). 
Typical producers include polychaetes (Trypanites), bivalves 
(Gastrochaenolltes), and sponges (Entobia). Microborings are 
also elements of this ichnofacies (Glaub et al., 2002; Glaub and 
Vogel, 2004). 

The Trypanites ichnofacies is typical of cemented, fully lithi- 
fied substrates, such as sediment-starved hardgrounds, cliffs, 
beachrock, and reefs (Frey and Pemberton, 1984; Pemberton 
et al., 1992b, 2001, 2004). More rarely, this ichnofacies can occur 
in bone beds or coquinas. The Trypanites ichnofacies indicates 
long periods of bioerosion without any interruption by frequent 
depositional events. Continuous activity by deep bioeroders leads 
to destruction of shallow tiers (Bromley and Asgaard, 1993a). 
The Trypanites ichnofacies is directly associated with different 



Figure 4.11 Schematic reconstruc- 
tion of the Trypanites ichnofacies. 

types of unconformities forming either omission or erosive sur- 
faces and, as such, is significant in sequence stratigraphy (see 
Sections 12.2, 12.3, and 12.6). Only bioerosion in laterally per- 
sistent substrates should be included in the Trypanites ichnofacies 
(Pemberton etal.,\ 992b) . Bored, isolated shells or clasts, although 
significant in terms of information potential (Gibert et al., 1996; 
Siggerud and Steel, 1999), do not represent the Trypanites ichno- 
facies. Evidence of emplacement in lithified substrate is revealed 
by the fact that borings cut through shells or grains instead of 
avoiding them (Bromley, 1975). A high density of borings indi- 
cates major breaks in sedimentation and sediment starvation. 
In ancient examples, bioerosion densities of up to 1 500 borings 
per nT have been measured (Gibert et al., 1996; Domenech et al., 
2001). However, as noted by Bromley and Asgaard (1993b), over- 
all boring density is highly dependent of boring size. As in the 
case of the Glossifungites ichnofacies, deposit-feeding trace fos- 
sils are typically absent in the Trypanites ichnofacies due to the 
absence of nutritious particles in lithified substrates. 

The Trypanites ichnofacies may be intergradational with 
the Glossifungites ichnofacies. In this case, the Trypanites suite 
cross-cuts the Glossifungites suite, reflecting progressive cemen- 
tation of the original substrate (Bromley, 1975). Hardground 
formation may occur in both siliciclastic and carbonate sub- 
strates, although it tends to be more common in the latter 
(MacEachern et al., 2007a). In siliciclastic substrates most 
hardgrounds are associated with erosionally exhumed surfaces, 
which are typically formed during relative sea-level changes 
(Pemberton et al., 1992b, 2004). MacEachern et al. (2007a) cau- 
tioned against assignment of sequence-stratigraphic significance 
of the Trypanites ichnofacies in carbonate sediments. Because 
carbonates commonly undergo rapid lithification due to early 
diagenesis, hardground formation is not necessarily related to 
erosional exhumation in this type of substrates (see Section 12.6). 
Occurrences of the Trypanites ichnofacies in connection to sediment- 
starved omission surfaces are probably the rule rather than the 
exception (e.g. Bromley, 1975; Mangano and Buatois, 1991). In 
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Gnathichnus ichnofacies 




any case, the Trypanites ichnofacies has been recognized in ero- 
sionally exhumed carbonates associated with a regional uncon- 
formity (Pemberton et al., 1980). A depauperate Trypanites 
ichnofacies has been introduced recently for non-carbonate sub- 
strates (Buatois and Encinas, 2011). Comparable bioeroded sur- 
faces in continental environments are poorly known. Borings in 
modern lacustrine stromatolites from Lake Turkana (Kenya) have 
been documented by Ekdale et al. (1989). Embedment cavities 
have been recorded in Cenozoic lacustrine carbonates of Kenya 
and Wyoming by Lamond and Tapanila (2003). Artificial lakes in 
Kansas contain Recent U-shaped structures produced by chirono- 
mids penetrating into Carboniferous shale. The Trypanites ichno- 
facies is known since the Early Cambrian (James et al, 1977). 

4.3.3 GNATHICHNUS ICimOYACWS 

The Gnathichnus ichnofacies or association was introduced 
by Bromley and Asgaard (1993a) for bored shells and boul- 
ders. MacEachern et al. (2007a) noted that this example of the 
Gnathichnus association does not form continuous mappable sur- 
faces, and therefore does not qualify as an ichnofacies. However, 
Bromley and Asgaard (1993a) suggested that the same suite may 
be present in rapidly buried laterally continuous substrates. In 
fact, the assemblage was subsequently recognized in the Miocene 
of Spain (Mayoral and Muniz, 1996), and its archetypal nature 
and temporal recurrence during most of the Mesozoic and 
Cenozoic have been now demonstrated (Gibert et al., 2007). 

The Gnathichnus ichnofacies is characterized by: (1) dom- 
inance of shallow to very shallow-tier grazing structures; (2) 
presence of other ethological categories, such as domichnia, fix- 
ichnia, and praedichnia; (3) subordinate occurrence of deeper 
structures; (4) dominance of radulation and gnawing traces 
produced by algal grazers; (5) presence of etched attachment 
scars; (6) occurrence of sock-shaped borings; (7) low to moder- 
ate ichnodiversity; and (8) high abundance (Fig. 4.12). 



The most common components of the Gnathichnus ichnofacies 
are Gnathichnus (stellate gnawing traces), Radulichnus (radulation 
traces), Renichnus (spiral- to arcuate-shaped etched attachment 
scars), Podichnus (radiating arcs of attachment pits), and Centrichnus 
(drop-shaped attachment pits). The deeper- tier Maeandropolydora 
(multi-entrance networks) may be present. Gastropods, chitons, 
regular echinoids, brachiopods, acrothoracican barnacles, and bry- 
ozoans are among the most common producers. 

This association suggests short-term bioerosion interrupted 
by rapid sedimentation, allowing preservation of shallow-tier 
bioerosion in the absence of a mature deep-tier endolithic com- 
munity (Bromley and Asgaard, 1993a). In contrast to the long- 
term colonization windows that typify the Trypanites ichnofacies, 
the Gnathichnus ichnofacies reflects short-term colonization win- 
dows. It commonly occurs in spatially restricted, mobile shell- 
grounds formed under moderate energy conditions (Gibert et al., 
2007). The Gnathichnus ichnofacies is known since the Jurassic 
(Gibert et al., 2007). 

4.3.4 ICHNOFACIES 

The Teredolites ichnofacies was introduced by Bromley et al. 
(1984), and has been recently revised by Gingras et al. (2004). 
Additional work on the Teredolites ichnofacies focused on the 
implications of bored log-grounds in sequence stratigraphy 
(e.g. Savrda, 1991a; Savrda et al., 1993, 2005). This ichno- 
facies is characterized by: (1) dominance of clavate borings; 
(2) boring walls ornamented with the texture of the host sub- 
strate; (3) very low ichnodiversity, most commonly monospe- 
cific suites; and (4) high density of borings, albeit with rare 
interpenetration (Fig. 4.13). 

The ichnogenus Teredolites (Fig. 4.14a-b), a clavate boring 
produced by pholadid bivalves (e.g. Teredo, Martesia, Lyrodus, 
Bankia), is the typical component of this ichnofacies (Bromley 
et al., 1984). However, analysis of a modern example reveals 
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Teredolites ichnofacies 




Figure 4.13 Schematic reconstruc- 
tion of the Teredolites ichnofacies. 




Figure 4.14 Examples of the 7ererfo/;tej 
ichnofacies. (a) Type locality of the 
Teredolites ichnofacies showing high 
density of Teredolites clavatus in a coal 
layer. Upper Cretaceous, Horseshoe 
Canyon Formation, East Coule, 
Drumheller, Alberta, western Canada. 
Scale bar is 5 cm. See Bromley et al. 
(1984). (b) Bedding-plane view showing 
high density of Thalassinoides suevicus 
in coal layer. Middle to Upper Miocene, 
Urumaco Formation, Urumaco River, 
northwestern Venezuela. Pen is 15 cm. 
(c) Thalassinoides isp. in coal layer. 
Lower Miocene, Oficina Formation, 
Oritupano Field, Eastern Venezuela 
Basin. Core width is 8 cm. 



the presence of borings similar to Caulostrepsis, Entobia, 
Maeandropolydora, Psilonichnus, Rogerella, Thalassinoides, 
and Trypanites emplaced in log-grounds (Gingras et al., 2004). 
According to this study, other potential tracemakers for the 
Teredolites ichnofacies are spionid polychaetes (Polydora 



prohoscidea) and isopods (Limnoria lignorum). While a variety 
of woodground borings are known from modern environments, 
fossil examples are almost invariably monospecific, contain- 
ing only the ichnogenus Teredolites. Although the ichnospecies 
rerecfofito/oMg/MTOMS'isthemostcommonichnotaxa, T. clavatus 
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may occur also (Bromley et al., 1984). Occasionally, the ichno- 
genus Thalassinoid.es has been recognized in fossil woodgrounds 
both in outcrops (Gingras et al., 2004) (Fig. 4.14b) and cores 
(Buatois et al., 2002a) (Fig. 4.14c). Differences between mod- 
ern and ancient examples of the Teredolites ichnofacies reveal 
taphonomic filters of the fossilization barrier. Deep-penetrating 
borings, such as Teredolites, have a higher preservation poten- 
tial that shallowly emplaced structures, such as Rogerella or 
Maeandropolydora (Gingras et al., 2002). 

The Teredolites ichnofacies characterizes resistant xylic 
(woody and coaly) substrates, such as drifted log pavements and 
peat deposits that may be preserved as coal or lignite in the rock 
record (Pemberton et al., 2001). In contrast to lithic substrates, 
xylic substrates are flexible, consist of organic matter, and are 
rapidly biodegradable (Bromley et al., 1984). Ecologically, 
while hardground borings are commonly produced for protec- 
tion, woodground borings are related with the quest for food 
(Bromley et al., 1984). Boring walls are commonly ornamented 
with the host substrate texture, and xenoglyphs of tree growth 
rings may be present. Size-class variations are commonly pre- 
sent in Teredolites suites, suggesting animals at different stages 
of maturity (Bromley et al., 1984; Savrda et al., 1993; Gingras 
et ah, 2004). Bimodal size distributions probably reveal suc- 
cessive colonization events (Gingras et al., 2004). Only occur- 
rences associated with a laterally persistent substrate should 
be included in the Teredolites ichnofacies; bored, isolated log 
fragments do not represent the ichnofacies (Pemberton et al. 
1992b). The term “log-ground” may be used for high concentra- 
tions of allochthonous wood (Savrda et al., 1993). As noted by 
MacEachern et al. (2007a), these concentrations may form use- 
ful mapping surfaces, particularly where associated with strati- 
graphic discontinuities (e.g. Savrda, 1991a; Savrda et al., 1993, 
2005) (see Box 12.1). 

Typically, the Teredolites ichnofacies is associated with omis- 
sion surfaces formed in shallow-marine and marginal-marine 
environments, commonly bays, estuaries, lagoons, and deltas 
(Bromley et al., 1984; Pemberton et al., 1992b; MacEachern 
et al., 2007a). The ichnogenus Teredolites is confined to environ- 
ments with salinities ranging from brackish to fully marine, and 
apparently cannot tolerate freshwater. This is consistent with 
almost all the examples documented in the stratigraphic record 
(e.g. Bromley et al., 1984; Savrda, 1991a; Savrda et al., 1993, 
2005). Two occurrences in Cretaceous and Eocene supposed flu- 
vial environments (Plint and Pickerill, 1985) are in rocks now 
regarded as formed in marginal-marine, brackish-water settings 
(Plint, 2000; MacEachern et al., 2007a). However, a freshwater 
example was documented by Bertling and Hermanns (1996) in 
Neogene fluvial deposits. Wood borings are also present in con- 
tinental settings, and are mostly produced by isopods (Genise, 
1995; Genise and Hazeldine, 1995; Mikulas and COek, 1998; 
Mikulas, 2008). Further research is still necessary in order to 
erect a continental equivalent of the Teredolites ichnofacies; 
recognition of laterally extensive substrates will be critical. The 
Teredolites ichnofacies is known since the Cretaceous (Bromley 
et al., 1984). 
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The ichnofacies model has been expanded into the contin- 
ental realm in recent years, and efforts have been made to 
recognize archetypal invertebrate ichnofacies (Buatois and 
Mangano, 1995b, 2007; Genise et al., 2000, 2010a; Hunt and 
Lucas, 2007; Ekdale et al., 2007; Minter and Braddy, 2009). 
In his original model, Seilacher (1967b) recognized only one 
ichnofacies for continental environments, the Scoyenia ichno- 
facies. The fact that the Scoyenia ichnofacies was only one of 
the many potential recurrent trace-fossil assemblages of con- 
tinental environments, and that these settings are as diverse 
as marine environments was acknowledged by ichnologists 
long ago and illustrated by Bromley and Asgaard (1979) in 
a seminal paper. However, it is only in the last 15 years that 
studies addressing the problem of recognizing additional con- 
tinental ichnofacies have been published (Smith et al., 1993; 
Buatois and Mangano, 1995b; Bromley, 1996; Genise et al., 
2000, 2010a; Ekdale et al., 2007; Hunt and Lucas, 2007). At 
present, six continental archetypal ichnofacies have been pro- 
posed: the Scoyenia, Mermia, Coprinisphaera, Termitichnus, 
Celliforma, and Octopodichnus-Entradichnus ichnofacies. Part 
of this scheme has received quantitative support by recently 
performed cluster analysis (Minter and Braddy, 2009). The 
continental invertebrate ichnofacies model has reached a level 
of resolution similar to that of marine environments. While 
the Scoyenia and Mermia ichnofacies are mostly controlled by 
the position of the water table (Buatois and Mangano, 1995b, 
2002, 2009a), terrestrial ichnofacies show a close correspond- 
ence with the plant formations identified by Mueller-Dombois 
and Ellenberg (1980). In fact, Genise et al. (2010a) noted 
that of the seven global plant formations recognized by these 
authors, four display correlation with terrestrial ichnofacies. 

4.4.1 SCOYENIA ICHNOEACIES 

Seilacher (1967b) proposed the Scoyenia ichnofacies for 
“nonmarine sands and shales, often red beds, with a distinctive 
association of trace fossils”, and referred to a previous schematic 
illustration (Seilacher 1963b, Fig. 7), which included meniscate 
traces, arthropod trackways, and bilobed traces, as well as sev- 
eral physical sedimentary structures (e.g. desiccation cracks). 
Frey et al. (1984b) noted that the Scoyenia ichnofacies subse- 
quently was used as a catchall for all occurrences of continental 
trace fossils, and proposed a refined definition in order to retain 
its ecological and environmental significance. Further refine- 
ments were suggested by Buatois and Mangano (1995b), who 
noted the abundance of arthropod trackways in the Scoyenia 
ichnofacies. The Scoyenia ichnofacies is characterized by: (1) 
abundance of horizontal meniscate backfilled traces produced 
by mobile deposit feeders; (2) abundance of locomotion traces, 
including both trackways and bilobate trails; (3) presence of ver- 
tical domiciles; (4) a mixture of invertebrate (mostly arthropod), 
vertebrate and plant traces; (5) low to moderate ichnodiversity; 
and (6) localized high abundance (Fig. 4. 15). 
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Scoyenia ichnofacies 




1 . Taenidium 

2. Beaconites 

3. Scoyenia 

4. Fuersichnus 

5. Rusophycus 

6. Camborygma 

7. Diplichnites 

8. Mirandaichnium 

9. Umfolozia 

10. Cruziana 



Figure 4.15 Schematic reconstruc- 
tion of the Scoyenia ichnofacies. 




Figure 4.16 Examples of the 
Scoyenia ichnofacies, illustrating 
the typical dominance by meniscate 
trace fossils, (a) General view of a 
bedding plane with several speci- 
mens of Scoyenia gracilis associ- 
ated with desiccation cracks. Lower 
Jurassic, Kayenta Formation, 

Grandview Point, Canyonland 

National Park, Utah, United States. 
Scale bar is 10 cm. (b) Close-up 
showing burrow sculpture and pres- 
ence of raindrop imprints. Scale bar 
is 5 cm. (c) Close-up showing menis- 
cate fill and wall with parallel stria- 
tions. Scale bar is 1 cm. (d) Close-up 
of wall striations. Scale bar is 1 cm. 
(e) Vertical cross-section showing 
intense bioturbation by Taenidium 
isp. Middle Triassic, Youfangzhuang 
Formation, Nanshan Forest Park, 
Jiyuan City, Henan Province, cen- 
tral China. Scale bar is 1 cm. See M. 
Wang et al. (2009). 



Meniscate trace fossils include Scoyenia (Fig. 4.16a-d), 
Beaconites, and Taenidium (Fig. 4.15e). Adhesive meniscate 
burrows of fiasiotis (2004), recently referred to the new 
ichnogenus Naktodemasis by Smith et al. (2008a), actually 
belong in Taenidium (Krapovickas et al., 2009). Arthropod 
trackways are represented by a wide variety of ichno- 
taxa, including Umfolozia, Merostomichnites, Diplichnites, 



Hexapodichnus, Permichnium, and Acripes. Bilobate traces 
include locomotion (Cruziana) and associated resting struc- 
tures (Rusophycus). Simple facies-crossing ichnotaxa, such 
as Planolites, Palaeophycus, and Cochlichnus, are common. 
Vertical burrows are currently assigned to Skolithos and 
Cylindricum. Some examples of the ichnofacies may include 
crayfish burrows (Camborygma) and banana-shaped feeding 
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traees {Fuersichnus). Vertebrate tracks may be abundant and 
varied (Hunt and Lucas, 2007). 

The Scoyenia ichnofacies is characterized by very low-diver- 
sity assemblages, mostly monospecific occurrences of meniscate 
trace fossils (Frey et ah, 1984b). However, moderately diverse 
assemblages of arthropod trackways may occur (Buatois and 
Mangano, 1 995b). The dominance of horizontal traces of deposit 
feeders suggests low-energy settings. Furthermore, the abun- 
dance of meniscate traces and arthropod trackways is typical of 
sediments periodically exposed to air or periodically inundated, 
and intermediate between aquatic and terrestrial environments 
(Frey et al., 1984b; Frey and Pemberton, 1984, 1987). This envir- 
onmental scenario is consistent with the associated physical 
structures, which are indicative of periodic subaerial exposure 
(e.g. desiccation cracks, raindrop imprints) (Fig. 4.16a). 

The Scoyenia ichnofacies is typical of fluvial and lacustrine 
systems, although it may also occur in certain eolian subenviron- 
ments. In fluvial settings, it is present in floodplain deposits, cov- 
ering a wide variety of subenvironments, such as ponds, levees, 
and crevasse splays (Frey et al., 1984b; Frey and Pemberton, 
1984, 1987; Buatois and Mangano, 1995b, 2002, 2004a) (see 
Section 10.2). In lacustrine environments, the Scoyenia ichno- 
facies typically characterizes lake -margin areas, being present 
in both open and closed lacustrine basins, and in both ephem- 
eral and perennial lakes (Buatois and Mangano, 1998, 2004a) 
(see Section 10.3). It is not restricted to siliciclastic systems, but 
is also present along the margins of carbonate lakes (Genise 
et al., 2010a). In eolian systems, it may occur in wet interdunes 
(Buatois and Mangano, 2004a) (see Section 10.4). 

Bromley (1996) proposed a more restricted definition of 
the Scoyenia ichnofacies as a continental equivalent of the 
firmground Glossifungites ichnofacies of the marine realm. 
In fact, the Scoyenia ichnofacies may be subdivided into two 
distinct suites: one characterized by meniscate structures with- 
out ornamentation (Taenidium, Beaconites) developed in a soft 
substrate, and the second typified by striated traces (Scoyenia, 
Spongeliomorpha), cross-cutting the former and developed in a 
firm substrate (Buatois et al., 1996a; Savrda et al., 2000; Buatois 



and Mangano, 2002, 2004a). The resulting palimpsest surfaces 
reflect progressive desiccation of sediment. 

Bromley (1996) also tentatively proposed the Rusophycus 
ichnofacies for fluvial to shallow-lacustrine environments, and 
the Fuersichnus ichnofacies for lake settings below the fair- 
weather wave base. The Rusophycus ichnofacies is dominated by 
arthropod locomotion and resting trace fossils, and cannot be 
distinguished at present from the Scoyenia ichnofacies (Buatois 
and Mangano, 2004a). The Fuersichnus ichnofacies is based on 
examples in which the eponymous ichnogenus occurs in con- 
tinental environments. However, the “type” examples suggested 
are from fluvial (MacNaughton and Pickerill, 1995) and ephem- 
eral alluvial plain and sand-flat deposits (Gierlowski-Kordesch, 
1991) rather than relatively deep lakes. As presently defined, 
the Fuersichnus ichnofacies cannot be distinguished from the 
Scoyenia ichnofacies (Buatois and Mangano, 2004a). However, 
further research in these two types of ichnofaunas may hold 
the potential to distinguish trace-fossil associations with a lower 
degree of recurrence than archetypal ichnofacies, but of paleo- 
environmental utility in basin-by-basin studies. 

The Scoyenia ichnofacies is known since the Ordovician 
(Johnson et al., 1994). Paleozoic occurrences of this ichnofacies 
tend to be dominated by arthropod trackways, while meniscate 
trace fossils seem to be more common since the Permian and par- 
ticularly the Triassic (Buatois et al, 1998c) (see Section 14.2.6). 
The crayfish burrow Camborygma is a common addition to the 
ichnofacies since the Triassic (Hasiotis and Dubiel, 1993). 

4.4.2 MERMIA ICHNOFACIES 

The Mermia ichnofacies was introduced by Buatois and 
Mangano (1995b) to fill some of the gaps in continental ichno- 
facies. It is characterized by: (1) dominance of horizontal to 
subhorizontal grazing and feeding traces produced by mobile 
deposit feeders; (2) subordinate occurrence of locomotion 
traces; (3) relatively high to moderate ichnodiversity; (4) high 
abundance; and (5) low degree of specialization of grazing and 
feeding patterns (Fig. 4.17). 
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Figure 4.17 Schematic reconstruc- 
tion of the Mermia ichnofacies. 
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The most typical components of the Mermia ichnofacies 
are a variety of unspecialized grazing traces, such as Mermia, 
Gordia, Helminthopsis, and Helminthoidichnites. The sinusoidal 
trail Cochlichnus, that may represent either locomotion or graz- 
ing, is also common. Simple feeding structures include very 
shallow-tier trace fossils, such as Treptichnus and Circulichnis. 
Locomotion traces are typically represented by the fish trail 
Undichna or by the invertebrate trail Diplopodichnus. However, 
arthropod trackways (e.g. Maculichna, Diplicimites) may occur 
also, although they are rarely the dominant elements. 

Although some examples of the Mermia ichnofacies may attain 
relatively high ichnodiversity, the diversity of trace fossils does not 
necessarily equate with species richness (Buatois and Mangano, 
1998). The various ichnogenera recorded in the Mermia ichno- 
facies may result from minor behavioral variations of a very 
simple, unspecialized grazing pattern developed by a single trace- 
maker (e.g. Helminthopsis, Helminthoidichnites, Gordia, Mermia). 
The simple patterns revealed by grazing and feeding traces mark 
a clear difference with respect to assemblages preserved in deep- 
marine turbidites. The dominance of horizontal grazing traces of 
deposit and detritus feeders suggests low-energy environments. 
Substrates are fine-grained, mostly unconsolidated silts and very 
fine- to fine-grained sands. Absence of scratch marks and com- 
mon poor preservation of trace-fossil morphology suggest very 
soft, submerged substrates. Moderate ichnodiversity indicates 
relatively stable and well-oxygenated settings. Under anoxic con- 
ditions the Mermia ichnofacies is suppressed. 

The Mermia ichnofacies typifies permanently subaqueous 
zones of lacustrine systems, extending from shallow to deep 
bathymetric zones (Buatois and Mangano, 1995b) (see Section 
10.3). This ichnofacies is commonly present in open peren- 
nial siliciclastic lacustrine systems, but may occur in carbon- 
ate lakes also (Gibert et ah, 2000; Buatois et ah, 2000; Genise 
et al., 2010a). However, the ichnofacies may be present in flood- 
plain water bodies under subaqueous conditions (Buatois and 



Mangano, 2002; Mikulas, 2003) (see Section 10.2.2). The lower 
ichnodiversity of these floodplain assemblages in comparison 
with their lacustrine counterparts probably reflects less stable 
conditions and the temporary nature of floodplain ponds. Also, 
the Mermia ichnofacies may occur in fjord settings under fresh- 
water conditions due to glacial melting (Buatois and Mangano, 
1995b, 2003b; Buatois et al., 2006a, 2010a). 

There are no archetypal trace-fossil associations that clearly 
distinguish shallow- and deep-lacustrine environments, probably 
because of the wide variability of lakes. Accordingly, Buatois 
and Mangano (1998) considered the Mermia ichnofacies as a 
continental equivalent of the Cruziana, Zoophycos, and Nereites 
ichnofacies in the classical Seilacherian scheme. Trace-fossil 
assemblages typically recorded from relatively deep-lacustrine 
areas may also occur in shallower zones (e.g. Pickerill, 1992). 

The Mermia ichnofacies is known since the Carboniferous. In 
contrast to Paleozoic permanent subaqueous assemblages typi- 
fied by surface trails, Mesozoic and Cenozoic assemblages tend 
to contain a higher proportion of infaunal burrows (Buatois 
et al., 1996b). 

4.4.3 COPRINISPHAERA ICHNOFACIES 

The Coprinisphaera ichnofacies was introduced by Genise et al. 
(2000) in an attempt to detect recurrent trace-fossil assemblages 
in paleosols. This ichnofacies is characterized by: (1) dominance 
of trace fossils of bees, wasps, ants, and beetles; (2) subordin- 
ate presence of termite ichnofossils; (3) dominance of nesting 
traces or calichnia; (4) tiering structures that result from vari- 
able depths of emplacement of hymenopterous, termite, and 
dung-beetle nests; (5) moderate to relatively high ichnodiver- 
sity; and (6) high abundance (Fig. 4.18). 

The typical component of this ichnofacies is the dung beetle 
nest Coprinisphaera, which is present in most recorded occur- 
rences of the ichnofacies. Other beetle traces include Pallichnus, 
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Figure 4.18 Schematic reconstruc- 
tion of the Coprinisphaera ichno- 
facies. 
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Eatonichnus, Monesichnus, Fontanai, and Teisseirei. Common 
elements also include several bee trace fossils, such as Celliforma, 
Uruguay, Ellipsoideichnus, Palmiraichnus, and Rosellichnus. Other 
hymenopterous trace fossils belong to wasps ( Chuhutolithes, wasp 
cocoons), and a.nts{e.g. Attaichnus, Parowanichnus).Terrmtemsts, 
mostly Syntermesichnus, Coatonichnus, Tacuruichnus, or even 
some ichnospecies of Termitichnus ( T. schneideri) and Vondrichnus 
{V. planoglobus) may be locally present (Duringer et ah, 2007). 
In addition, Genise et al. (2000) noted that other components 
still await formal taxonomic documentation. Root trace fossils 
are also present. 

The Coprinisphaera ichnofacies strongly correlates with 
occurrences of herbaceous plant communities, mostly savannas, 
grasslands, prairies, and steppes (Genise et ai, 2000). This cor- 
relation reflects the fact that dung beetles provision their nests 
with excrement of vertebrate herbivores. Hymenopterous insects 
seek bare, dry soil exposed to sun and, therefore, display similar 
environmental preferences to dung-beetles. On the other hand, 
termites display different environmental tolerances, and are 
strongly dependent on atmospheric and soil moisture, mostly 
inhabiting tropical rain forests (Grasse, 1986). Accordingly, ter- 
mite nests are only occasionally present in the Coprinisphaera 
ichnofacies (Genise et al, 2000; Duringer et ah, 2007). 

The Coprinisphaera ichnofacies is typical of paleosols devel- 
oped in paleoecosystems of herbaceous communities (sensu 
Mueller-Dombois and Ellenberg, 1980), climatically ranging 
from dry and cold to humid and warm conditions (Genise et al., 
2000) (see Section 10.5). Evaluation of the relative abundance 
of the different trace fossils within the assemblage allows more 
refined paleoclimatological inferences. Hymenopterous traces 
tend to be dominant under drier conditions, whereas termite 
nests are linked to more humid environments (Genise et al., 
2000; Duringer et al., 2007). The Coprinisphaera ichnofacies 
occurs in paleosols that have developed in various depositional 
systems subject to subaerial exposure, including alluvial plains, 
overbank, and eolian settings. Undoubtedly, this reflects the 
capacity of insects to nest in many different sedimentary envi- 
ronments. The emerging pattern suggests that paleosol ichno- 
faunas, and the Coprinisphaera ichnofacies, in particular, are 
controlled by ecological parameters, such as vegetation, climate, 
and soil, rather than by depositional processes (Genise et al., 
2000 ). 

The presence of the Coprinisphaera ichnofacies is well docu- 
mented since the Paleocene (Genise et al., 2000). Although some 
Late Cretaceous assemblages contain fossil bee cells, coleopteran 
pupal chambers, wasp nests, and undetermined insect nests (e.g. 
Johnston et ai, 1996; Elliott and Nations, 1998), assignation 
to the Coprinisphaera ichnofacies is doubtful. Further research 
in Mesozoic terrestrial ichnofaunas may yield valuable insights 
into the evolution of paleosol ichnofacies. 

4.4.4 ICHNOFACIES 

The Termitichnus ichnofacies has a convoluted history. It was 
originally proposed by Smith et al. (1993) as a subset of the 



Scoyenia ichnofacies to include all paleosol trace-fossil assem- 
blages. Subsequently, it was regarded as an ichnofacies for all 
paleosol assemblages, but at the same hierarchical level of the 
Scoyenia ichnofacies (Buatois and Mangano, 1995b). However, 
Genise et al. (2000) suggested that the Termitichnus ichno- 
facies as originally defined be abandoned, because it does not 
reflect the diversity of paleosol settings and, therefore, fails to 
reveal significant paleoecological information. A definition of a 
Termitichnus ichnofacies sensu strictu that includes assemblages 
dominated by termite nests in paleosols of closed forest eco- 
systems was suggested pending recognition of its temporal and 
spatial recurrence (Genise et al., 2000, 2004a, 2010a). 

This ichnofacies is characterized by: (1) dominance of trace 
fossils of termites; (2) low ichnodiversity; and (3) high abundance 
(Fig. 4.19). Typical components are Termitichnus, Vondrichnus, 
Fleaglellius, and Krausichnus (Genise and Bown, 1994b). Root 
trace fossils are abundant, including ichnofossils of flank-but- 
tressed trees (Wing et al., 1995). Other associated trace fossils, 
such as Masrichnus (Bown, 1982), are of uncertain affinities 
(Genise and Cladera, 2004). 

The Termitichnus ichnofacies characterizes paleosols formed 
in closed forests {sensu Mueller-Dombois and Ellenberg, 1980) 
with plant growth under warm and humid conditions (Genise 
et al., 2000, 2004a, 2010a) (see Section 10.5). A high water table 
is indicated by the presence of trace fossils of flank-buttressed 
tress (Wing et al., 1995). The best-documented example of 
this ichnofacies was recorded in the Eocene-Oligocene Jebel 
Qatrani Formation of Egypt, which includes Termitichnus and 
other ichnotaxa attributable to fossil termite nests (Genise and 
Bown, 1994b). Additional examples are necessary to further 
document the stratigraphic recurrence of this ichnofacies, as 
well as its significance. 

4.4.5 CELLIFORMA ICHNOFACIES 

In a study dealing with the definition of paleosol ichnofacies, 
Genise et al. (2000) noticed the presence of a potentially recur- 
rent association in carbonate-rich paleosols (see also Genise 
et al., 2004a). More recently, Genise et al. (2010a) introduced 
the Celliforma ichnofacies to account for this specific type of 
ichnofauna. This ichnofacies is characterized by: (1) domin- 
ance of halictid bee nests; (2) association with hackberry endo- 
carps and freshwater and terrestrial snail shells; (3) dominance 
of callichnia; (4) presence of pupichnia; (5) moderate ichno- 
diversity; and (6) high abundance (Fig. 4.20). Typical compo- 
nents are Celliforma, Rosselichnus, Pallichnus, Rebuff oichnus, 
Palmiraichnus, and Teisseirei. Meniscate trace fossils ( Taenidium) 
and root structures are also common. 

The Celliforma ichnofacies characterizes carbonate-rich 
paleosols (Genise et al., 2010a). Most examples correspond to 
palustrine conditions, but occurrences in calcretes have been 
also documented (see Section 10.5). In the former case, the time 
of subaerial exposure was enough to allow the formation of 
well-aerated and bare soils required for hymenopteran nesting 
(Genise et al., 2010a). In the case of shorter subaerial exposure. 
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Figure 4.19 Schematic reconstruc- 
tion of the Termitichnus ichnofacies. 



Celliforma ichnofacies 



Figure 4.20 Schematic reconstruc- 
tion of the Celliforma ichnofacies. 
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the Scoyenia ichnofacies develops. Under continuous and pro- 
gressive desiccation of the substrate, the Scoyenia ichnofacies 
may be replaced by the Celliforma ichnofacies. Under terrestrial 
conditions, the Celliforma ichnofacies characterizes a drier cli- 
mate than the Coprinisphaera ichnofacies (Genise et ah, 2010a). 
In terms of the global plant formations of Mueller-Dombois and 
Ellenberg (1980), the Celliforma ichnofacies characterizes scrubs 
and woodlands. In the case of palustrine environments, it ranges 
from subhumid to subarid settings (Alonso-Zarza, 2003). 

The Celliforma ichnofacies is known since the Eocene (e.g. 
Melchor et al, 2002). A potential older occurrence may be repre- 
sented by the Calizas de Queguay, Uruguay, which may range into 
the Cretaceous, although more conclusive data on the age of this 
unit are necessary (Alonso-Zarza et al., 2010; Genise et al., 2010a). 



4.4.6 OCTOPODICHNUS-ENTRADICHNUS 
ICHNOFACIES 

Eolian ichnofaunas have received increasing attention in recent 
years, resulting in the proposal of archetypal ichnofacies in two 
independent studies (Fig. 4.21). Hunt and Lucas (2007) intro- 
duced the Octopodichnus ichnofacies, and Ekdale et al. (2007) 
the Entradichnus ichnofacies, both for eolian dune environments 
(see Section 10.4). The Octopodichnus ichnofacies of Hunt and 
Lucas (2007) consists of low diversity assemblages of arthro- 
pod trackways, mostly spiders and scorpions. The Entradichnus 
ichnofacies of Ekdale et al. (2007) consists of shallow traces 
of desert-dwelling arthropods, including vertical domiciles and 
meniscate traces. Diverging characterization of both eolian 
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Figure 4.21 Schematic reconstruc- 
tion of the Octopodichnus- 
Entradichnus ichnofacies. 



ichnofacies undoubtedly results from disparate databases. Hunt 
and Lucas (2007) based the Octopodichnus ichnofacies essen- 
tially on Permian eolian dunes, the Coconino Sandstone of 
Arizona being the classic example. In contrast, the Entradichnus 
ichnofacies of Ekdale et al. (2007) is mostly based on the study 
of Jurassic examples, more specifically the Navajo Sandstone of 
Utah. Differences may result from the fact that a change in eolian 
ichnofaunas seems to have occurred by the Permian-Triassic 
transition with the appearance of more varied behavioral pat- 
terns, and an increase in infaunal bioturbators (Gradzinski and 
Uchman, 1994; Buatois et al., 1998c) (see Section 14.2.6). Both 
datasets are integrated and combined here in a single ichno- 
facies, referred to as the Octopodichnus-Entradichnus ichnofacies 
(Buatois and Mangano, 2008b). Further studies in eolian ichno- 
faunas should be undertaken in order to refine the characteriza- 
tion of this ichnofacies. 



4.5 VERTEBRATE ICHNOEACIES 



Lockley et al. (1994) first proposed a series of vertebrate ichno- 
facies. However, subsequent work by Hunt and Lucas (2007) 
demonstrated that those tetrapod ichnofacies should be consid- 
ered ichnocoenoses because they represent the traces of specific 
communities that lack the recurrence that would warrant their 
consideration as archetypal ichnofacies. Accordingly, these 
authors re-evaluated vertebrate ichnofacies and defined five 
archetypal tetrapod ichnofacies for continental and coastal-plain 



environments: Chelichnus, Grallator, Brontopodus, Batrachichnus, 
and Characichichnos ichnofacies. In turn, they subdivided these 
ichnofacies into stratigraphically restricted, age-controlled ich- 
nocoenoses. Vertebrate ichnofacies commonly have less tempo- 
ral recurrence than their invertebrate counterparts. Hunt and 
Lucas (2007) suggested that vertebrate ichnofacies may provide 
greater resolution in terrestrial environments and that inverte- 
brate ichnofacies may be of greater precision in subaqueous 
freshwater environments. However, recent developments in ter- 
restrial invertebrate ichnology suggest increasing refinement of 
the paleosol ichnofacies model (Genise et al., 2010a). Some of 
the vertebrate ichnofacies directly correlate with invertebrate 
ichnofacies (e.g. Chelichnus and Octopodichnus-Entradichnus 
ichnofacies), while others may encompass more than one 
invertebrate ichnofacies (e.g. Characichichnos ichnofacies cov- 
ering both the Mermia and Skolithos ichnofacies), or may rep- 
resent a subdivision of an invertebrate ichnofacies (Grallator, 
Brontopodus, and Batrachichnus ichnofacies as subdivisions of 
the Scoyenia ichnofacies) (see Hunt and Lucas, 2007, Fig. 1). 
Freshwater invertebrate ichnofacies are controlled by the posi- 
tion of the water table and terrestrial invertebrate ichnofacies 
essentially by climate and plant formation. However, elucida- 
tion of the controlling factors in delineation and distribution 
of vertebrate ichnofacies requires further research. Recent work 
seems to indicate that the distribution of tetrapod trace fossils 
is more related to regional factors, such as climate and resource 
availability, than to local environmental factors at the scale of 
subenvironments (Krapovickas, 2010). 
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4.5.1 CHELICHNUS ICimOFAClES 

The Chelichnus ichnofacies was defined by Hunt and Lucas 
(2007) to replace the Laoporus ichnofacies formerly introduced 
by Lockley et al. (1994). It is characterized by: (1) dominance of 
tetrapod trackways whose manual and pedal tracks are equant 
in shape, subequal in size, and have short digit impressions; and 
(2) low ichnodiversity. Chelichnus and Brasilichnium are common 
elements. This ichnofacies occurs in dune faces of eolian envi- 
ronments (see Section 10.4). The Chelichnus ichnofacies encom- 
passes two ichnocoenoses: the Chelichnus and the Brasilichnium 
ichnocoenoses (Hunt and Lucas, 2007). The former is com- 
mon in the Permian, while the latter occurs in the Triassic and 
Jurassic. Overall the Chelichnus ichnofacies ranges in age from 
the Permian to the Jurassic. It correlates with the Octopodichnus- 
Entradichnus ichnofacies in the invertebrate realm. 

4.5.2 GRALLATOR ICHNOFACIES 

The Grallator ichnofacies was defined by Hunt and Lucas (2007) 
and represents a refinement of several ichnofacies formerly 
introduced by Lockley et al. (1994) and Lockley (2007) that are 
now regarded as ichnocoenoses. It is characterized by: (1) dom- 
inance of trackways of trydactil avian and non-avian thero- 
pods or other bipeds; and (2) moderate ichnodiversity. Typical 
components are Grallator, Jindongornipes, Koreanoformis, 
Avipeda, Brachychirotherium, Rhychosauroides, and Eubrontes. 
Environmentally, this ichnofacies typifies lacustrine shorelines 
(see Section 10.3). The Grallator ichnofacies includes four ichno- 
coenoses: the Grallator, Eubrontes, Jindongornipes, and Avipeda 
ichnocoenoses (Hunt and Lucas, 2007). The Grallator ichno- 
coenosis is typical of Late Triassic, the Eubrontes ichnocoenosis 
occurs in the Early Jurassic, the Jindongornipes ichnocoenosis is 
present in Early Cretaceous rocks, and the Avipeda ichnocoeno- 
sis (shorebird ichnofacies of Lockley et ah, 1994) characterizes 
Cenozoic assemblages. Overall the Grallator ichnofacies ranges 
in age from the Triassic to the Recent. 

4.5.3 B/fONTOPOD C/5 ICHNOFACIES 

The Brontopodus ichnofacies was introduced by Hunt and 
Lucas (2007). As in the case of the Grallator ichnofacies, the 
Brontopodus ichnofacies encompasses several ichnofacies for- 
merly introduced by Lockley et al. (1994) that are considered to 
be ichnocoenoses by Hunt and Lucas (2007). The Brontopodus 
ichnofacies is characterized by: (1) dominance of trackways of 
terrestrial herbivores; (2) subordinate presence of trackways of 
terrestrial carnivores; and (3) moderate ichnodiversity. Typical 
components of this ichnofacies are Caririchnium, Ceratopsipes, 
Amblydactylus, and Brontopodus. The Brontopodus ichnofacies 
tends to occur in coastal-plain to shoreline environments, 
including lacustrine margins (see Section 10.3). Therefore, 
there is some environmental overlap between the Grallator and 
Brontopodus ichnofacies, the latter encompassing, in addition, 
marine shorelines. Additional work is required to evaluate 



which specific controlling factors are involved in both ichno- 
facies (Krapovickas, 2010). The Brontopodus ichnofacies encom- 
passes five ichnocoenoses: the Parabrontopus, Caririchnium, 
Ceratopsipes, Amblydactylus, and Brontopodus ichnocoenoses 
(Hunt and Lucas, 2007). The Parabrontopus ichnocoenosis 
occurs in Late Jurassic lacustrine shorelines, the Caririchnium 
ichnocoenosis is typical of Early Cretaceous clastic marine 
shorelines, the Ceratopsipes ichnocoenosis is present in Late 
Cretaceous coastal plains, the Amblydactylus ichnocoenosis 
characterizes Early to Late Cretaceous clastic marine shorelines, 
and the Brontopodus ichnocoenosis typifies Early Cretaceous 
carbonate marine shorelines. The Brontopodus ichnofacies 
ranges in age from the Jurassic to the Cretaceous. 

4.5.4 BA TRA CHICHNUS ICHNOFACIES 

The Batrachichnus ichnofacies was introduced by Hunt and Lucas 
(2007). This ichnofacies is characterized by: ( 1 ) dominance of track- 
ways of quadrupedal carnivores; and (2) moderate ichnodiversity. 
Typical components are Batrachichnus, Limnopus, Amphisauropus, 
Dromopus, Dimetropus, Gilmoreichnus, and Chirotherium. This 
ichnofacies represents a wide variety of environments ranging from 
distal alluvial fans, and fluvial plains to tidal flats (see Sections 
10.2 and 7.2). Two ichnocoenoses are recognized within the 
Batrachichnus ichnofacies: the Batrachichnus and Chirotherium ich- 
nocoenoses (Hunt and Lucas, 2007). The former is typically Early 
Carboniferous-Early Permian while the latter is Triassic. Overall 
the ichnofacies ranges from the Devonian to the Triassic. 

4.5.5 CHARACICHICHNOSICUNOPACWS 

Hunt and Lucas (2007) proposed the Characichichnos ichno- 
facies. This ichnofacies is characterized by (1) dominance of 
swimming tracks and trails; and (2) moderate ichnodiversity. 
Typical components are Characichichnos, Undichna, Lunichnium, 
Puertollanopus, Serpenticlmus, Batrachichnus, and Hatcherichnus. 
This ichnofacies represents lacustrine settings and inner zones 
of tide-dominated estuaries (see Sections 10.3 and 8.1.2). Three 
named ichnocoenoses have been recognized: Serpentichnus, 
Characichichnos, and Hatcherichnus (Hunt and Lucas, 2007). 
The Serpentichnus ichnocoenosis occurs in the late Paleozoic, 
the Characichichnos ichnocoenosis is of Middle Jurassic age, and 
the Hatcherichnus is present in Upper Jurassic strata. In terms 
of correlation with invertebrate ichnofacies, the Characichichnos 
ichnofacies commonly overlap with the Mermia ichnofacies in 
lacustrine settings. In the case of late Paleozoic inner-estuarine 
deposits (Serpentichnus ichnocoenosis), it is typically associated 
with a mixed Scoyenia-Mermia ichnofacies. 

4.6 PITEALLS AND CONFUSIONS IN ICHNOFACIES 
ANALYSIS 



Despite the efforts of many workers in addressing the ichno- 
facies model (e.g. Frey and Pemberton, 1984; Pemberton et al.. 
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Figure 4.22 Schematic illustration of the ichnofacies model for invertebrate trace fossils. Individual ichnofacies indicate a precise set of environ- 
mental conditions rather than a depositional environment. 



2001; MacEachern et al., 2007a), it is impossible to avoid the 
feeling that this model is still poorly understood. Because the 
ichnofacies model has been historically seen by some authors 
(e.g. Goldring, 1993, 1995) as competing against the ichnofab- 
ric approach, it will be discussed and evaluated in more detail 
at the end of the next chapter, which deals with ichnofabrics. 
However, some comments seem pertinent here. 

A common misconception is to assume a direct correl- 
ation between ichnofacies and depositional environments. 
Ichnofacies are not indicators of sedimentary environments, 
but reflect the complex interplay of a set of environmental fac- 
tors (Fig. 4.22). As expressed by Frey et al. (1990), ichnofacies 
are not intended to be paleobathymeters either. A well-known 
and repeated example is the occurrence of the Skolithos ichno- 
facies, typical of nearshore settings, in offshore tempestites 
and deep-marine turbidites (e.g. Crimes, 1977; Pemberton 
and Frey, 1984a; Pemberton and MacEachern, 1997). The 
Cruziana ichnofacies, though typical of lower-shoreface 
to offshore deposits, may be present in shallower settings, 
commonly intertidal flats of tide-influenced shorelines (e.g. 
Mangano et al., 2002a; Mangano and Buatois, 2004a, b). 
Regardless of the depositional environment, it is the animal 



response to a set of particular environmental conditions that 
defines an ichnofacies. 

This is also true for continental ichnofacies and, therefore, the 
search for exact equivalences between continental ichnofacies 
and depositional environments is futile. Individual invertebrate 
ichnofacies occur in a wide variety of environmental settings. In 
these cases, water availability is a fundamental control in trace- 
fossil distribution (Gierlowski-Kordesch, 1991) and sediment 
water content strongly influences substrate consistency. The 
role of substrate consolidation as controlling trace-fossil pres- 
ervation is remarkable (e.g. Buatois et al, 1997a; Buatois and 
Mangano, 2002, 2004a, 2007) and the Scoyenia and Mermia 
ichnofacies can be seen, at least in some sense, as taphofacies 
sensu Bromley and Asgaard (1991). As is the case of substrate- 
controlled ichnofacies in marine carbonates (e.g. Bromley, 1975), 
a single continental bed may represent the activity of more than 
one substrate-controlled suite, revealing the presence of compos- 
ite ichnofacies (Buatois and Mangano, 2002, 2004a; Scott et ah, 
2009). 

Further confusion derives from the idea that ichnofacies 
characterization is equivalent to the mere listing of presence 
or absence of morphological patterns, as in the approach 
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undertaken by Keighley and Pickerill (2003) to analyze conti- 
nental ichnofacies. There are two main flaws in this approach 
(see also Melchor et ah, 2006 for a critical re-evaluation). First, 
an ichnofacies is more than a collection of morphologies. Just 
to name a few additional aspects, ichnodiversity, relative abun- 
dance of their different components, preservational styles, 
and trophic types represented are equally important. Second, 
mere documentation of the presence of certain morphologies, 
albeit “objective”, may not be informative because without a 
proper analysis in terms of functional morphology and behav- 
ior involved, the actual significance of the trace fossil cannot be 
evaluated (see Section 2.1). For example, group I of Keighley 
and Pickerill (2003) is labeled “Systematic-coverage branch- 
ing burrow networks”, and is exemplified by Paleodictyon and 
Vagorichnus. However, both ichnotaxa have little in common 
with respect to behavior, feeding strategies, and preservational 
style and, therefore, the presence of group I in a particular trace- 
fossil assemblage does not provide any precise information. 
Obviously, ichnofacies characterization and recognition imply 
to a certain degree interpretation, but this is intrinsic to any sci- 
entific enterprise: there is no algorithm that allows us to recog- 
nize an ichnofacies or to interpret a depositional environment. 

Another misunderstanding is the idea that ichnofacies can 
be replaced by ichnocoenosis (e.g. Hasiotis, 2004). Both are 
very different notions and are applicable to different scales of 



analysis, so replacing ichnofacies by ichnocoenosis is not advis- 
able, in fact, it is not possible without damaging the hierarchical 
conceptual framework of ichnology (Bromley et ah, 2007) (see 
Box 1.1). Ichnofacies are not real entities of the biological world, 
but constructs. One ichnofacies embraces a number of recorded 
ichnocoenoses in the fossil record and an unknown number of 
potential ichnocoenoses awaiting to be identified; here is rooted 
the predictive strength of the ichnofacies model. The ichnofacies 
extracts the biological signal to a complex interplay of physical 
parameters. In short, attempts to replace ichnofacies by ichno- 
coenosis represent a step backward in our search for common 
themes that allow us to use trace fossils as a predictive tool in 
facies modeling. 

Finally, a common pitfall is the assertion that if a particu- 
lar trace-fossil assemblage or ichnocoenosis cannot readily 
be ascribed to one ichnofacies, then the ichnofacies model 
is not valid (e.g. Hasiotis, 2004). On the contrary, the ichno- 
facies model serves as a norm and departures may serve to 
recognize anomalous situations. For example, the absence of 
the Cruziana ichnofacies in offshore deposits may be linked 
to the presence of some stress factor (e.g. limited oxygen). In 
the absence of a norm that helps in establishing predictions, 
it would be impossible to detect an anomaly, and any attempt 
to link a certain set of biogenic structures with environmen- 
tal factors would be doomed. 
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I confess frankly, it was the warning voice of David Hume that first, years ago, roused me from dogmatic slumbers, and gave a new 
direction to my investigations in the field of speculative philosophy. 

Immanuel Kant 
Critique of Pure Reason (1781) 

We now come to the more immediate subject of this volume, namely the amount of earth which is brought up by worms from beneath 
the surface. 

Charles Darwin 

The Formation of Vegetable Mould Through the Aetion of Worms with Observations on their Habits (1881) 



The ichnofabric approach represents a relatively new trend in 
ichnology that started in the second half of the eighties, becoming 
much more popular since the nineties. As is the case of the ichnofacies 
model, the ichnofabric approach has been frequently misunder- 
stood. Earlier studies involving ichnofabrics put too much emphasis 
on assessing bioturbation and other more significant aspects, such 
as tiering or evaluation of successive bioturbation events, were com- 
monly overlooked. Even worse, the idea that measuring the intensity 
of bioturbation could replace trace-fossil identification as ground 
data for paleoenvironmental interpretations persisted for some 
years. At present, the idea that ichnofabric analysis is simply meas- 
uring the degree of bioturbation has been mercifully abandoned 
by all serious workers. If the ichnofabric approach is understood 
as a comprehensive way of analyzing bioturbated deposits, then 
the wealth of information that may be obtained is huge and not 
only restricted to paleoenvironmental reconstructions but also of 
significant potential in understanding reservoir properties, benthic 
paleoecology, and evolutionary paleoecology. German philoso- 
pher Immanuel Kant expressed that his reading of his British peer 
David Hume roused him from his dogmatic slumber and led him 
to become a “critical philosopher”. In the same vein, the focus of 
this chapter, the ichnofabric approach, with its emphasis on tapho- 
nomic aspects, helps us to avoid taking the trace-fossil record at 
face value, permeating the whole interpretative process with some 
healthy criticism. We will start by providing the basics of the tiering 
concept before moving into a review of the ichnofabric concept, 
including aspects of quantifying the degree of bioturbation, visual 
strategies to present ichnofabric data, the paramount role of taph- 
onomy, and the different types of ichnofabrics. Then, we will pre- 
sent the concept of ichnoguild, which, in our view, is central to the 
ichnofabric approach. Later, we will briefly review recent develop- 
ments in the field of paleosol ichnofabrics. We will then address the 
general role of bioturbation, bioerosion, and biodeposition, before 
moving to the issue of bioturbation-enhanced permeability and res- 
ervoir characterization, a recently developed topic, which is having 
a strong impact in the petroleum industry. Finally, we will compare 
the ichnofacies and ichnofabric approaches. 



5.1 TIERING 



Tiering consists of the vertical partitioning of the habitat 
(Ausich and Bottjer, 1982; Bromley and Ekdale, 1986). It is in 
fact a synonym of ecological stratification (Seilacher, 1978), but 
this may be confused with the current use that geologists give 
to the term “stratification”, and has not met with acceptance. 
Subaqueous substrates occupied by endobenthic communities 
are vertically zoned as a response to physical, chemical, and bio- 
logical parameters (Bromley, 1990, 1996). Also, the water col- 
umn displays vertical partitioning, and epifaunal and infaunal 
suspension-feeding animals obtain their food at several levels 
above the sediment surface (Ausich and Bottjer, 1982). 

The tiering concept applied to the study of endobenthic com- 
munities has been incorporated in ichnology. The most import- 
ant environmental factors that control tiering of endobenthic 
communities are consolidation of the substrate, organic matter, 
and oxygen (Bromley, 1990, 1996). Sediment compaction due to 
vertical accretion of the sea floor and progressive burial leads 
to dewatering and an increase in substrate consistency. As a 
result, shallow-tier organisms burrow in poorly compacted soft 
sediment, while deeper structures are emplaced in dehydrated 
and firm sediment (Bromley and Ekdale, 1986). The vertical 
distribution of organic matter displays a peak in abundance in 
the proximity of the sediment-water interface, resulting in the 
profusion of detritus and shallow-tier deposit feeders. Deeper 
within the sediment, organic matter decreases in abundance, 
resulting in a reduction of the biomass (Bromley, 1990, 1996). 
Oxygen content follows a similar trend, decreasing within the 
sediment; the redox discontinuity separates oxic from anoxic 
sediment. 

Studies on modern ocean sediments allow reconstruction of the 
tiered structure of the infaunal community (Berger et ah, 1979; 
Ekdale et al., 1984). The uppermost centimeters of the sediment 
are referred to as the mixed zone. In this zone, sediment is satu- 
rated in water and totally homogenized by bioturbation, but no 
discrete traces are recognized. Below this zone lies the transition 
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zone, which is extremely heterogeneous due to the activity of 
deep burrowers, and displays tiered endobenthic communities 
(Savrda, 1992). The deepest sediment zone is the historical zone, 
which is located beyond the reach of even the deepest burrow- 
ers and, therefore, does not display active bioturbation. Because 
of continuous vertical accretion of sea-floor sediment, the mixed 
and transition zones of a given time are buried and become the 
historical zone. The typical record consists of an indistinctive 
burrow mottling formed in the mixed zone overprinted by well- 
defined discrete traces emplaced in the transition zone. 

Unraveling the tiering structure of fossil examples can be a 
difficult task particularly in intensely bioturbated deposits in 
which trace fossils display complex cross-cutting relationships. 
The tiering structure and timing of emplacement in a given 
ichnofabric can be established by looking at cross-cutting rela- 
tionships, burrow walls, and burrow fill, and by comparisons 
with modern examples (Bromley and Ekdale, 1986; Bromley, 
1990, 1996; Taylor et al., 2003). Under vertical accretion of 
the sea floor due to suspension fallout, deeper structures cross- 
cut shallow traces. If the rate of sedimentation is too low, the 
shallow-tier structures are totally obliterated by the activity of 
deep bioturbators. In addition, deep-tier trace fossils display 
well-defined morphologies and sharp boundaries as a result of 
their emplacement in stiffer substrates. Burrow-fills of these 
deep-tier structures tend to contrast with the host rock, reflect- 
ing active particle sorting by the organisms or material that is 
piped down from the surface (Bromley, 1990, 1996; Taylor and 
Goldring, 1993). Furthermore, deep-tier trace fossils are filled 
with chemically dynamic material (e.g. fecal sediment, surface 
material, metabolic products) within the reducing organic-poor 
host sediment, therefore promoting the formation of a digenetic 
microenvironment that helps to initiate mineralization, enhan- 
cing the visibility of the biogenic structures (Bromley, 1990, 
1996). As a result, the preservation potential and visibility of 
deep-tier trace fossils is higher than those of shallower struc- 
tures (Wetzel and Werner, 1981; Werner and Wetzel, 1982). 

5.2 ICHNOFABRICS: CONCEPTS AND METHODS 



An ichnofabric refers to any aspect of the texture and internal 
structure of a substrate resulting from bioturbation and bioero- 
sion at any scale (Bromley and Ekdale, 1986). The related term 
bioturbate texture (Frey, 1973) shares many aspects in common 
with ichnofabric, but it does not include textures and struc- 
tures resulting from bioerosion, and has not been extensively 
used. Application of the ichnofabric concept to paleoenviron- 
mental reconstructions resulted in the so-called “ichnofabric 
approach”. This approach represents a relatively new trend in 
ichnology that has been actively promoted since the organiza- 
tion of the first of a series of ichnofabric workshops in 1991. 
In more traditional ichnological studies, there is commonly a 
tendency to analyze only those structures that one can classify 
following current ichnotaxonomic procedures (i.e. discrete trace 
fossils). However, both discrete traces and poorly defined bur- 
row mottling are taken into consideration in the ichnofabric 



approach (Bottjer and Droser, 1991). In addition, ichnofabric 
analyses are usually based on observations in cross-sections, 
where cross-cutting relationships and tiering structure can 
be evaluated. As with the ichnofacies model, the ichnofabric 
approach emphasizes the synecology of the endobenthic com- 
munity, although an ichnofabric may represent the work of 
more than one community. However, tiering analysis is a key 
component of the ichnofabric approach, but has not been trad- 
itionally included within the ichnofacies paradigm. 

5.2.1 QUANTIFYING BIOTURBATION AND 
ILLUSTRATING ICHNOFABRICS 

Initially, a lot of effort was devoted to scaling degree of bioturb- 
ation. An early scheme was proposed by Moore and Scrutton 
(1957), but the proposal by Reineck (1963, 1967) is the one that 
has gained subsequent acceptance (e.g. Howard and Frey, 1975; 
Frey and Wheatcroft, 1989; Taylor and Goldring, 1993; Taylor 
et al., 2003). In Reineck’s scheme seven grades of bioturb- 
ation are distinguished, ranging from 0 for unbioturbated sedi- 
ments to 6 for those that have undegone complete bioturbation. 
Subsequently, Droser and Bottjer (1986, 1989) put forward a 
semiquantitative field classification of ichnofabrics based on five 
ichnofabric indexes displayed by a series of flashcards designed 
for different environmental situations (e.g. high-energy elastics 
with Ophiomorpha or Skolithos, pelagic fine-grained sediments 
with mottlings). Although quite attractive in terms of providing 
a visual aid to evaluate bioturbation intensity, it needs to be used 
with caution because it does not address the composite nature 
of most ichnofabrics. More recently, Taylor and Goldring (1993) 
defined bioturbation indexes based on the categories established 
by Reineck. However, they noted that the original grades proposed 
by Reineck were based on a measurement of the percentage area 
bioturbated, although bioturbation should be measured as a unit 
volume per unit time, as stated by Frey and Wheatcroft (1989). 
Because such a procedure is extremely time consuming and diffi- 
cult to follow, Taylor and Goldring (1993) favored a descriptive 
approach instead of a semiquantitative one. Accordingly, they 
maintained the original categories by Reineck, but based their 
definition in terms of burrow density, amount of burrow overlap, 
and the sharpness of the original fabric (Fig. 5.1). This scheme 
has been adopted in many ichnological studies because it is more 
precise and particularly appropriate for describing composite 
ichnofabrics (Ekdale and Bromley, 1991). In addition, as noted 
by Frey and Pemberton (1991), to characterize an unbioturbated 
layer with a bioturbation index of 0 (Taylor and Goldring, 1993) 
seems to be more logical than using an ichnofabric index of 1 
(Droser and Bottjer, 1986, 1989). Another scheme by Miller and 
Small (1997) is used to establish the density of biogenic structures 
along bedding planes, while that of Montague et al. (2010) has 
been proposed for microbioerosion. 

Scaling of bioturbation is important because the establishment 
of well-defined grades conveys more information than simply 
stating that sediment is sparsely bioturbated or intensely bio- 
turbated. However, other aspects, such as tiering or evaluation 
of successive bioturbation events, should not be overlooked. 
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Figure 5.1 Graphic illustration of the different categories of bioturbation index of Taylor and Goldring (1993). BI = 0 is characterized by no bioturb- 
ation (0%). BI = 1 (1^%) is for sparse bioturbation with few discrete traces. In the example illustrated, a few biogenic structures, such as Planolites (PI), 
Diplocraterion (Di) and escape trace fossils (Es), exist in the storm and fair-weather deposits. BI = 2 (5-30%) is represented by low bioturbation in sedi- 
ment that still has preserved sedimentary structures. This is illustrated by the presence of a number of burrows, including Planolites {PI), Diplocraterion 
(Di), Teichichnus{Te), Skolithos (Sk), and escape trace fossils (Es), in both storm and fair-weather deposits. BI = 3 (31-60%) describes an ichnofabric 
with discrete trace fossils, moderate bioturbation and still distinguishable bedding boundaries. In addition to the ichnotaxa previously mentioned, 
Thalassinoides (Th) and Rosselia (Ro) are added in the example. BI = 4 (61-90%) is represented by intense bioturbation, high trace-fossil density, com- 
mon overlap of trace fossils, and primary sedimentary structures are mostly erased. Some deep-tier trace fossils, such as Zoophycos (Zo) and Chondrites 
(Ch), are added in the example, together with undifferentiated burrow mottlings. BI = 5 (91-99%) is characterized by sediment with completely disturbed 
bedding and intense bioturbation. BI = 6 (100%) is for completely bioturbated and reworked sediment, related to repeated overprinting of trace fossils. 



Visual graphics are useful to illustrate the main characteristies 
and origin of ichnofabrics. In particular, Taylor and Goldring 
(1993) proposed ichnofabric constituent diagrams as a way to 
illustrate the type and size of trace fossils, the percentage of 
bioturbated area, the depth and order of emplacement of each 
Ichnotaxon, and the associated physical sedimentary structures 
in an iehnofabrie. Although these diagrams summarized a large 
amount of data, they may be hard to visualize in some cases and 
their elaboration is rather time consuming. A more straightfor- 
ward way of illustrating ichnofabrics was suggested by Bromley 
(1996), who combined ichnofabric icons, tiering diagrams, and 
estimation of degree of bioturbation for eaeh tier (Fig. 5.2). 

5.2.2 TAPHONOMY OF ICHNOFABRICS 

One of the most important lessons learnt from the Ichnofab- 
ric approach is the importance of taphonomy (Bromley, 1990, 
1996). As in the case of body fossils, the fossilization barrier 
is a powerful taphonomie filter that separates the vast amount 
of biogenle structures produced in the sediment from the small 
proportion that become fossilized, passing to the traee-fossil 
record (Seilacher, 1967a). Trace fossils are subjeeted to their 
own taphonomie rules that result In a series of preservational 
biases. A careful evaluation of the taphonomie aspects involved 
helps to avoid the pitfalls associated with a naive reading of the 
trace-fossil record. The different biogenic structures produced in 
the sediment have variable preservation potential (Fig. 5.3a-c). 
Accordingly, the preserved ichnofabrics do not represent the 



exact copy of the original endobenthic community. As noted 
previously, although most of animal activity is concentrated 
in the uppermost centimeters of the substrate, the preservation 
potential of these shallow-tier structures is very low. In con- 
trast, some deep-tier structures produced by mobile tracemak- 
ers represent the activity of key bioturbators that may obliterate 
any evidence of shallower tiers (Fig. 5.4a). Therefore, these 
deep-tier trace fossils are commonly the dominant component 
in an ichnofabric and have been referred to as elite trace fossils 
(Bromley, 1990, 1996). Also, elite trace fossils may be produced 
by preferential diagenesis. For example, Thalassinoides may be 
diagenetically enhanced due to the formation of minerals and 
associated concretionary growth (Bromley and Ekdale, 1984a) 
(Fig. 5.5). Unfortunately, shallow-tier traces are most sensitive 
to environmental fluctuations because they are formed close 
to the sediment-water interface, while deep-tier traces do not 
reflect sea-bottom conditions with such precision (Bromley and 
Ekdale, 1986). This problem lies at the core of the current contro- 
versies surrounding the paleoenvironmental implications of the 
Zoophycos ichnofacies (see Section 4.3.4). In fact, overlooking 
the taphonomie bias of some intensely bioturbated ichnofabrics 
may result in erroneous interpretations. Monospecific ichno- 
faunas are commonly linked to stress factors (e.g. dysaerobic 
or brackish-water conditions) typical of unstable environments. 
However, if monospecific ichnofaunas occur in intensely bio- 
turbated ichnofabrics resulting from the activity of deep biotur- 
bators, the low ichnodiversity may be a taphonomie artifact that 
reflects slow rates of sedimentation in a very stable environment. 
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Figure 5.2 Visualization of ichnofabrics using ichnofabric icons, tiering diagrams and percentage of bioturbation per tier according to Bromley (1996). 
(a) Ichnofabric dominated by mid- to deep-tier vertical burrows in a high-energy middle-shoreface sandstone, (b) Ichnofabric characteristic of a 
low-energy offshore, displaying a complex tiering structure, (c) Ichnofabric of low-energy shelf deposits displaying low diversity of trace fossils and 
a combination of shallow and deep tiers. 



In short, although degree of bioturbation and ichnodiversity are 
two different aspects (see Section 6.3), they should be considered 
in conjunction while performing an ichnological study. 

Exceptionally shallow-tier structures may be preferentially pre- 
served in the fossil record, commonly forming frozen-tiering pro- 
files (Savrda and Bottjer, 1986). A typical example is related to 
episodic sedimentation that leads to cessation of bioturbation due 
to rapid burial (Orr, 1994) (Fig. 5.4b). Preservation of upper tiers is 
complete under no erosion and partial if some erosion is involved 
(Fig. 5.4c). The classic example is the preservation of shallow-tier 
graphoglyptids at the base of thin-bedded turbidites (e.g. Seilacher, 
1962; Kern, 1980; Uchman, 1995). Similar situations may occur 
in distal tempestites of shallow-marine environments and ash fall 
deposits of volcanic terranes. When erosion occurs and the tiering 
structure of the endobenthic community is known, estimation of 
the minimum amount of erosion of the sea floor can be established 
based on the study of the washed-out tiers preserved as casts on the 
base of the event bed, thereby providing a measure of stratigraphic 
completeness (Wetzel and Aigner, 1986). A different way of gener- 
ating frozen tiering profiles is due to a rapid deoxygenation event 
that leads to an immediate suppression of bioturbation and the 
preservation of all tiers, including those formed in the mixed zone 
(Savrda and Ozalas, 1993) (Fig, 5.4d). This situation is common 
in oxygen-depleted pelagic settings, typically shelf to deep-marine 
environments (see Section 6.1.3). Shallow-tier trace fossils can also 



be preserved in environments characterized by short breaks in 
sedimentation and, therefore, short duration of the colonization 
window (see Section 6.1.3). This is typical of slack- water depos- 
ition in intertidal settings, followed by minimal erosion during 
deposition of the subsequent flood or ebb event, as illustrated 
by tidal rhythmites in inner-estuarine settings (e.g. Buatois et al., 
1997b). Another excellent example of preservation of very shal- 
low-tier structures occurs in Burgess Shale-type deposits. In this 
case, pristine preservation of subsuperficial structures results from 
the absence of deep-tier bioturbation (the Zoophycos-Chondrites 
ichnoguild) in dysoxic settings below storm wave base (Mangano, 
2011) (see Sections 6.1.3 and 6.2). 

5.3 TYPES OF ICHNOFABRICS 



Two main types of ichnofabrics, simple and composite (Box 
5.1), have been recognized by Bromley and Ekdale (1986). 
Simple ichnofabrics result from the activity of a single endo- 
benthic community at a given moment and are, therefore, the 
product of a single bioturbation or bioerosion event (Fig. 5.6a). 
They are commonly characterized by single-tier colonization 
as a result of the activity of opportunistic forms (Taylor et al., 
2003). In this case, the associated colonization surface occurs 
at the top of the event bed. However, in other cases no colon- 
ization is involved and organisms may enter the event bed from 
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Figure 5.3 Variable preservation potential of intertidal biogenic struc- 
tures. (a) Grazing trails produced on a tidal flat. Beach near Estancia 
Maria Luisa, Tierra del Fuego, Argentina. Scale bar is 2 cm. (b) 
Trackways produced by the crab Uca on a backshore. Aracaju, north- 
east Brazil. Lens cap is 5.5 cm. (c) Burrow entrance and scratch marks 
of the crab Uca in backshore sediments. Aracaju, northeast Brazil. Lens 
cap is 5.5 cm. The preservation potential of the trails, trackways, and 
scratch marks is essentially zero. The only structure with relatively high 
preservation potential is the Uca burrow (incipient Psilonichnus). 

below by moving upwards, forming adjustment or escape trace 
fossils (Taylor et al., 2003). 

Composite ichnofabrics are much more common than sim- 
ple ichnofabrics in the stratigraphic record, and are produced 
by the replacement of successive communities or by the upward 
migration of a tiered community. In the first case, community 
replacement results from a change in environmental conditions, 
such as a progressive increase in the degree of consolidation of 
a substrate, which is conducive to the cross-cutting of previously 



emplaced burrows by subsequent burrows and borings (e.g. 
Bromley, 1975; Mangano and Buatois, 1991; Lewis and Ekdale, 
1992) (Fig. 5.6b). In the second case, vertical migration and trace- 
fossil cross-cutting reflect gradual accretion of the sea floor due 
to slow, steady sedimentation (Bromley and Ekdale, 1986; Orr, 
1994) (Fig. 5.6c). An increase in substrate consistency results 
from compaction during vertical accretion of the substrate, lead- 
ing to the emplacement of deeper burrows in a firmer substrate. 
However, no lithification is involved in the latter case and differ- 
ent tiers (deep-tiers cross-cutting shallower ones) are involved. 
Bedding planes displaying superposition of ichnocoenoses from 
successive communities are known as palimpsest surfaces. 

A not always obvious case of composite ichnofabric is illus- 
trated by a dense surface covered by Lockeia siliquaria in 
Carboniferous intertidal sandstones (Mangano et al., 1998, 
2002a). Detailed analysis of the surface reveals at least two colon- 
ization events, resulting in a palimpsest surface. The first bivalve 
population was eroded away, leaving only the basal resting struc- 
tures. This was followed by sedimentation and a new colonization 
event. Cross-cutting relationships and burrow infill provide evi- 
dence for a composite ichnofabric in a monospecific trace-fossil 
assemblage. A similar situation may explain many occurrences 
of Skolithos and Syringomorpha ichnofabrics (e.g. Mangano and 
Buatois, 2004b; Desjardins et al., 2010a) (Box 5.1). In the absence 
of clear colonization surfaces, the lack of lithological contrast in 
burrow infill from different populations makes it almost impos- 
sible to distinguish successive colonization events. 

Although not always possible, establishing the colonization 
surface associated with each bioturbation or bioerosion event is 
of paramount importance in the analysis of composite ichno- 
fabrics, because it allows the unraveling of the depositional his- 
tory of the sedimentary unit and its associated environmental 
significance. In some cases, the environmental conditions operat- 
ing at the time of deposition have little connection with those of 
the bioturbation or bioerosion event. The deeper a trace fossil is 
emplaced, the more cautious our approach should be in linking 
the colonization event with environmental conditions at the time 
of deposition. For example, coastal-eolian dune deposits may 
contain specimens of Ophiomorpha, penetrating from an over- 
lying marine transgressive deposit. A careless examination of 
this situation may lead to the misinterpretation of Ophiomorpha 
as formed under terrestrial conditions. The problematic Lower 
Silurian fossil plant Pinnatiramosus qianensis has challenged our 
present knowledge on the origin and early evolution of vascu- 
lar plants, which seem to have occurred by the Early Devonian. 
However, recent research suggests that the plant fossil is in fact 
a root system penetrating from overlying Permian deposits 
(Edwards et al., 2007). Supposed Mesoproterozoic burrows have 
ended up as being identified as recent termite burrows emplaced 
within the Precambrian rocks (Cloud et al., 1980). 

5.4 THE ICHNOGUILD CONCEPT 



Analysis of infaunal tiering structure suggests that organ- 
isms tend to group together within the same tier to exploit 
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Figure 5.4 Formation of tiering profiles, (a) Tiering profiles formed during background sedimentation characterized by vertical accretion of the sea 
floor. Deep-tier structures migrate upwards to keep pace with sedimentation and obliterate shallow-tier structures, (b) Formation of frozen-tiering 
profiles associated with episodic sedimentation. In the absence of erosion, even the shallowest tiers are preserved, (c) With erosion, the upper tiers 
are removed, (d) Formation of frozen-tiering profiles associated with deoxygenation events that allow preservation of shallow tiers. Phycosiphon 
(Ph) represents the shallow tier, while Thalassinoides (TIi) is a middle-tier form. Chondrites (Ch) and Zoophycos (Zo) make up the deep tier. 




Figure 5.5 Nodular limestone con- 
taining Thalassinoides representing 
elite trace fossils. Upper Jurassic, 
Coralline Oolite Formation, Carr 
Naze, North Yorkshire Coast, 
England. Lens cap is 5.5 cm. see 
Fiirsich (1972). 



the same resources in similar ways. This fact led Bromley 
(1990, 1996) to propose the ichnoguild concept, follow- 
ing the utilization of the term guild in ornithology (Root, 
1967) and invertebrate paleontology (Bambach, 1983). 
An ichnoguild reflects three parameters: (1) bauplan; 



(2) food source; and (3) use of space (Bromley, 1990, 1996) 
(Fig. 5.8). In terms of bauplan, biogenic structures are catego- 
rized as permanent to semi-permanent burrows produced by 
stationary organisms, or transitory structures made by vagile 
animals. Food source is reflected by trophic analysis of trace 
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Box 5.1 Simple and composite Syringomorpha ichnofabrics in Cambrian tidal flats and shorefaces 

Lower to Middle Cambrian shallow-marine deposits of the Campanario Formation in northwest Argentina contain abundant 
Syringomorpha ichnofabrics. A high density of specimens occurs in intertidal areas, where they form a composite ichnofabric 
that records multiple colonization events (Fig. 5.7a). The composite nature of this ichnofabric is revealed by complex cross- 
cutting relationships of specimens. Pervasive bioturbation results from the activity of successive suites of deep-infaunal organ- 
isms. A high degree of bioturbation and preferential preservation of closely spaced, vertical components make this ichnofabric 
analogous to Skolithos pipe rock. Like Skolithos pipe rock, the Syringomorpha ichnofabric occurs in moderate- to high-energy 
settings, being particularly abundant in sand flats. Tide-dominated deposits are locally interbedded with storm-dominated 
facies. Bioturbation is sparse in these storm deposits. Syringomorpha nilssoni occurs in moderate to low densities in hummocky 
cross-stratified sandstone (Fig. 5.7b). This ichnofauna records opportunistic colonization after storms. Causative burrows 
extend from a colonization surface at the top of storm deposits, developing a wide spreite structure at the lower part of the 
tempestite. In contrast to tidal-flat examples, this ichnofabric is simple and represents a single bioturbation event following epi- 
sodic sedimentation. The high density of vertical burrows in tidal-flat facies reveals that the “Agronomic Revolution” was not 
restricted to open-marine, shelfal environments (see Section 14.1.3). The depth and extent of bioturbation record colonization 
of a relatively deep-infaunal ecospace mostly by organisms feeding on epigranular microbes on sand grains and meiofauna. 

Reference: Mangano and Buatois (2004b). 




Figure 5.6 Types of ichnofabrics (a) Simple ichnofabric reflecting a single event of colonization after storm deposition, (b) Composite ichnofabric 
recording the replacement of a firmground trace-fossil suite by a hardground trace-fossil suite after substrate lithification. (c) Composite ichnofab- 
ric produced by the upward migration of a tiered community in response to vertical accretion of the sea floor. 
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fossils, including categories sueh as detritus feeding, deposit 
feeding, suspension feeding, gardening, and chemosymbiosis. 
Use of space is essentially equivalent to the vertical position 
within substrate recorded by the tiering structure. lehnoguilds 
are named after their dominant ichnotaxa (Bromley, 1990, 
1996). Bambachian guilds provide valuable information for 
understanding patterns of ecospace utilization through geo- 
logieal time (Bambach, 1983). Ichnoguild analysis may sup- 
ply additional information to that recorded by body fossils. In 



Figure 5.7 Syringomorpha ichnof- 
abrics in Lower to Middle Cambrian 
shallow-marine deposits, (a) Com- 
posite ichnofabric recording mul- 
tiple colonization events in tidal-flat 
deposits, (b) Simple ichnofabric 
recording single colonization events 
Storm deposits in lower-shoreface deposits. 

the same way as guilds, ichnoguilds are useful tools to under- 
stand the adaptive strategies displayed by benthic organisms. 
As noted by Bromley (1990, 1996), ichnoguilds are well suited 
for characterizing the ecological complexity of ichnofaunas. 
Recognition and comparison of ichnoguilds from specific eco- 
systems through geological time become particularly useful in 
evolutionary paleoecology (e.g. Buatois et al, 1998c). 

The ichnoguild concept was originally applied to the study of 
chalk (Ekdale and Bromley, 1991; Bromley, 1996). Chalks are 
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Figure 5.8 Ichnoguilds and tiering 
structure in Upper Cretaceous chalk 
of Denmark (modified from Ekdale 
and Bromley, 1991). Shallow tier is 
represented by Planolites (PI), while 
Thalassinoides (Th) is a middle- 
tier form. The middle-to-deep tier 
is occupied by Taenidium (Ta) and 
Phycosiphon (Ph). The deep tier is 
represented by Zoophycos (Zo) and 
Chondrites (Ch). 



Box 5.2 Composite ichnofabrics and ichnoguilds in Cretaceous chalk 

Chalk ichnofabrics rank among the most eomplex of all. In particular, Cretaceous chalk ichnofabrics from Denmark have 
been thoroughly analyzed, and, in faet, represent the birthplace of the ichnofabric approach (Fig. 5.8). The rate of sedimenta- 
tion in these pelagic environments was remarkably exceeded by the rate of bioturbation. The intensity of bioturbation in these 
shelf pelagic deposits is so high that virtually every grain of sediment has been processed by several animals. The resulting 
composite ichnofabrics represent the aetivity of multitiered endobenthic communities that moved upwards during continuous 
vertical accretion of the sea floor. The uppermost tier corresponds to indistinct burrow mottlings produced in the mixed layer 
by organisms that inhabited a soupground. The resulting structures are preserved as deformed and diffuse mottles that can- 
not be assigned to any particular ichnotaxa. Four ichnoguilds have been recognized. The Planolites ichnoguild typifies vagile, 
shallow-tier deposit-feeder structures. The Thalassinoides iehnoguild consists of semi-vagile and vagile, mid-tier deposit-feeder 
structures. The Taenidium- Phycosiphon ichnoguild is characterized by vagile, middle-to-deep-tier deposit-feeder structures. 
The Zoophycos-Chondrites ichnoguild is represented by non-vagile, deep-tier deposit-feeder or chemosymbiont structures. 
While the first three ichnoguilds were emplaced in softground, the deepest one records bioturbation in stiff more compacted 
sediment. The zone of active bioturbation extended many centimeters below the sea floor. 

Reference: Ekdale and Bromley (1991). 



particularly appropriate for ichnoguild analysis because they are 
commonly intensely bioturbated and their tiering structure can 
be unraveled by careful analysis of cross-cutting relationships 
(Ekdale and Bromley, 1991) (Fig. 5.8; Box 5.2). Subsequently, 
ichnoguild analyses were expanded to include bioerosion struc- 
tures (Bromley, 1994; Tapanila, 2008), tidal-flat ichnofaunas 
(Mangano et al., 2002a; Mangano and Buatois, 2004b; Baldwin 
et al., 2004), continental ichnofaunas (Buatois et al., 1998c), and 
earliest Cambrian ichnofaunas (Buatois and Mangano, 2003a, 
2004b). In some settings, tiering and ichnoguild analysis is com- 
plicated due to different factors, such as temporal instability of 
community structure, time averaging of fossil faunas, and lim- 
ited cross-cutting relationships (Mangano et al., 2002a). The ich- 
noguild concept is still an underutilized tool that has plenty of 



potential to illuminate paleoecological and evolutionary aspects 
of ichnofaunas (see Chapter 14). 

5.5 PALEOSOL ICHNOFABRICS 



Although the ichnofabric approach has become quite popular 
during the last two decades, still little is known about the char- 
acteristics and origin of continental ichnofabrics and review 
papers are almost exclusively based on marine examples (e.g. 
Taylor et al., 2003). More recently, a conceptual and methodo- 
logical framework for the analysis of paleosol ichnofabrics has 
been advanced by Genise et al. (2004b). In subaqueously pro- 
duced ichnofabrics, the sharpness of the primary sedimentary 
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fabric is commonly a function of the degree of bioturbation. 
However, in terrestrial ichnofabrics, soil features may disrupt the 
primary fabric without the intervention of bioturbation, gener- 
ating what is referred to as pedofabric (Genise et al., 2004b). 
Accordingly, these authors suggested that ichnofabric analysis 
in paleosols requires modifications to the standard method- 
ology developed from marine examples. Genise et al. (2004b) 
proposed the construction of tiering diagrams, independent 
evaluation of the pedofabric and the ichnofabric, and construc- 
tion of ternary diagrams showing percentages of bioturbation, 
pedofabric, and original bedding (Fig. 5.9). These authors illus- 
trated their methodology with examples from Mesozoic and 
Cenozoic paleosols from Argentina, Uruguay, and Egypt. 

5.6 THE ROLE OE BIOTURBATION, BIOEROSION, 

AND BIODEPOSITION 



Organisms interact with and, therefore, affect the substrate in 
many different ways. Bioturbation involves all kinds of par- 
ticle displacement and physicochemical sediment modifica- 
tions resulting from the activity of organisms (Hantzschel and 
Frey, 1978). Bioturbation commonly leads to destruction of 
original sediment stratification and primary structures. However, 
the activity of organisms living in pore spaces may result in a 
localized displacement of sedimentary particles without actually 
destroying sedimentary structures, which results in so-called cryp- 
tobioturbation (Pemberton et al., 2008) (Fig. 5.10). In turn, bio- 
turbation does not necessarily imply sediment homogenization. 
Rather, in many cases organisms may provide the substrate with a 
new structure, such as the concentration of fine-grained sediment 
within the concentric infill of burrows hosted in clean quartzose 
sandstone (e.g. Rosselia ichnofabric in sandstone bars). Another 
long-recognized example is the generation of biogenic graded 
bedding by upward advection by earthworms (Darwin, 1881). In 
marine settings, maldanid worms are also well known for their 
conveyor-belt activities, transporting subsurface particles to the 
surface (Mangum, 1964; Fauchald and Jumars, 1979) and from 
the surface to a feeding cavity at depth (Levin et al., 1997). 

The bioturbation process has significant effects on sediment 
composition, stability, and texture (Ekdale et al., 1984). Chemical 
processes result in changes in composition, such as concentration 
of trace elements, fiuctuations in redox potential, flow of chemi- 
cals, changes in organic content of sediments, concentration of 
metals on boring walls, and alteration of clay minerals as a result 
of ingestion (Pryor, 1975) (Box 5.3). For example, the structures 
of infaunal burrowers feeding on suspended particles result in an 
increase in oxygen circulation within the sediment with the redox- 
potential discontinuity being extended at depth. Sediment stability 
may increase or decrease as a result of bioturbation (see Section 
6.7). Most mobile epifauna and infauna, involving both deposit- 
and detritus-feeders and some sedentary organisms, whose feed- 
ing and defecation activities provide a considerable number of 
suspended particles, cause substrate instability (Rhoads, 1974). 
In contrast, sedentary organisms building mucus-reinforced 



tubes cause reduction in resuspension and erosion, and behave as 
sediment-stabilizing elements. In turn, pellet development signifi- 
cantly alters sediment consistency, which may result in decreased 
substrate stability (Ekdale et al., 1984). Sediment texture may 
change in several ways as a result of bioturbation, particularly 
through the combination of sedimentary layers of varying grain 
size and mechanical sorting of sediment particles. 

In addition, biodeposition, the production or concentra- 
tion of sediment by the activities of an organism (Frey and 
Wheatcroft, 1989), also contributes to a change in sediment tex- 
ture due to particle ingestion and excretion during the feeding 
process. For example, in carbonate sediments, pellet develop- 
ment and aggregation usually involves conversion of argilla- 
ceous and silty material into sand size. From the hydraulic 
viewpoint, these pellets behave like sand grains. Pryor (1975) 
noted that along the coast of Georgia and the Gulf of Mexico, 
Callianassa major annually generates pelletoidal material that 
is equivalent to a layer approximately 0.5 cm thick. Curran and 
Harris (1996) analyzed bioturbation by Glypturus acanthochi- 
rus in tidal-flat deposits of San Salvador Island, Bahamas, and 
estimated that this shrimp can move 118.6 kg sediment/m^ to 
the surface every year (see also Section 6.2). 

Bioerosion, every form of biological penetration and corro- 
sion of hard substrates (Neumann, 1966; Bromley, 1992), also 
plays a major role in degrading lithified materials. For example, 
recent experiments in high-latitude settings demonstrated that 
foraminiferans are significant contributors during an early 
phase of bioerosion (Wisshak and Riiggeberg, 2006). During an 
advanced phase, sponges become dominant as agents of hard 
substrate degradation. Hardbottoms in the North Carolina 
continental margin are degraded by the activity of mechanical 
and chemical bioeroders (Riggs et al., 1998). The main bioerod- 
ers in this case are bivalves, shrimps, and macroalgal pluckers. 
As a result of bioerosion, the substrate is degraded, relief is 
developed on hardbottom surfaces, and significant volumes of 
new sediment are supplied to the continental shelf 

5.7 BIOTURBATION-ENHANCED PERMEABILITY AND 
RESERVOIR CHARACTERIZATION 



The destruction of sediment porosity and permeability by 
bioturbation has been a dogma in reservoir characterization 
for many years. However, a number of recent studies demon- 
strated that this is not always the case. Buatois et al. (1999) 
documented porosity/permeability relations, and bioturbation 
types in Carboniferous clastic reservoirs of Kansas. These stud- 
ies showed that reductions in permeabilities and porosities are 
common where sediment is affected by intense bioturbation by 
deposit feeders. In contrast, passively filled structures of suspen- 
sion feeders may even result in a significant increase in porosity 
and permeability as the degree of interconnectivity between lay- 
ers is increased. In some cases, hydrocarbons may even be held in 
such burrows (Fig. 5.1 1). Gingraseta/. (1999a) documented dra- 
matic differences between burrow-fill permeabilities and matrix 
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Figure 5.9 Ternary diagram for assessing paleosol ichnofabrics, pedofabric, original bedding, and grades of bioturbation (modified from 
Genise et al., 2004b). Vertisols from the Triassic Ischigualasto Formation of western Argentina show different degrees of maturity. Example 
1 is a well-developed vertisol with a uniform pedofabric characterized by small, angular blocky peds and closely spaced slickensides. No 
original bedding is preserved and stems of equisetales (Eq) in life position represent the only biotic evidence. Example 2 is a less-developed 
vertisol with primary fabric still preserved. Equisetales (Eq) stems and Skolithos (Sk) are present. Examples 3 and 4 from the Cretaceous 
Laguna Palacios Formation of Patagonia, Argentina, include an entisol and an alfisol. Example 3 is an entisol developed in tuff. The upper 
tier consists of Taenidium harretti (Ta), and the lower tier consists of the bee nest Cellicalichnus chubutensis (Ce). Rhizoliths (Rh) are pre- 
sent. Pedofabric is absent and the original bedding is relatively well preserved. Example 4 is a well-developed alfisol in tuffaceous sandstone. 
It is intensely bioturbated and the original bedding is only scarcely preserved in the upper horizon. The paleosol shows a well-developed 
upper elluvial horizon with platy peds, and a lower illuvial horizon with angular to subangular blocky peds. The ichnofauna consists of the 
probable coleopteran nest Rehuffoichnus casamiquelai (Re), Taenidium harretti (Ta), Skolithos linearis (Sk), and Beaconites coronus (Be). 
Thin rhizoliths (Rh) are present. Example 5 is an ultisol from the Paleogene Asencio Formation of Uruguay. Two interfingered horizons 
are present in this paleosol, one nodular and poorly consolidated, and the other one well indurated displaying columnar structures and 
total disturbance of the primary sedimentary fabric. Bioturbation is moderate in both horizons. The nodular horizon is dominated by the 
beetle nests Coprinisphaera (Co) and Monesichnus (Mo), and the bee cell Uruguay (Ur). The indurated horizon contains the bee ichnotaxon 
Palmiraichnus (Pa) and the probable coleopteran pupation chamber Teisseirei (Te). Rhizoliths (Rh) occur in this horizon. Example 6 is a 
poorly developed inceptisol from the Eocene-Oligocene Jebel Qatrani Formation of Egypt. This paleosol developed in a meandering chan- 
nel point-bar sandstone, and relict trough cross-bedding is preserved. No horizons or soil structures are recognized. The ichnofauna is 
dominated by the termite nest Fleaglellius pagodus (FI) and small rhizoliths (Rh). Examples 7 and 8 from the Eocene-Miocene Sarmiento 
Formation of Patagonia, Argentina, include an andisol and an alfisol. Example 7 is a weakly to moderately developed andisol present in a 
tuff Two horizons have been recognized. The upper horizon is indurated and intensely bioturbated, and contains scattered specimens of the 
beetle nest Coprinisphaera (Co). The intense bioturbation is due to a boxwork of sinuous interconnected burrows (Bx) that resemble termite 
nests. The lower horizon shows columnar structures and sparse bioturbation. Very thin long root trace fossils (Rh) are present. Example 8 
is a moderately developed alfisol associated with an erosive unconformity. Relict preservation of the primary fabric is noted. The pedofabric 
consists of subangular blocky peds with ferruginous crusts at the top. The ichnofabric consists of two tiers. The upper tier is represented by 
the bee nest Celliforma (Ce), while the lower tier includes Coprinisphaera (Co), Teisseirei barattinia (Te), Feoichnus (Fe) and large horizontal 
burrows (Hb). Bioturbation is low in the upper tier and moderate in the lower one. 
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Figure 5.10 Cryptobioturbation in delta-front hummocky cross-strati- 
fied sandstone. Note the fuzzy lamination. Lower Miocene, Tacata Field, 
Eastern Venezuelan Basin. Core width is 9 cm. See Buatois et al. (2008). 



permeabilities inadiscontinuitysurfaceatWillapa Bay. Substrates 
were colonized by crustaceans producing gallery systems repre- 
senting the Glossifungites ichnofacies. Buatois and Mangano 
(2000) suggested that burrows passing through several layers, 
or multi-layer colonizers, generally cause an increase in perme- 
ability in the vertical direction to the bedding plane (Fig. 5.12). 
For example, crustacean galleries passing through sand tur- 
bidites provided pathways for fluid migration through mudstone 
intercalations, which would have normally acted as impermeable 
barriers (Schuppers, 1993). Similar situations occur in intertidal 
heterolithic facies where vertical Skolithos burrows pass through 
mud partings and connect sand layers (Buatois et al., 1999). 
Gerard and Bromley (2008) illustrated spectacular examples of 
the contribution of three-dimensional Thalassinoides burrows 
to reservoir heterogeneity and of Ophiomorpha systems to fluid 
circulation. Tomkin et al. (2010) documented an increase of 
porosity and permeability associated with Thalassinoides bur- 
rows, but a decrease linked to Ophiomorpha systems. 

Certainly, the role of bioturbation in enhancing permeability 
extends beyond the held of petroleum geology. Munoz (1994) 
demonstrated that extensive Thalassinoides systems caused leak- 
ing in a dam, and Martin et al. (1994) established correlations 
between bioturbation and porosity fluctuations in aquifers. More 
recently, Cunningham et al. (2009) evaluated the impact of post- 
depositional Ophiomorpha burrows in increasing macroporosity 
in karst aquifers. These authors noted that burrow systems pro- 
vide an alternative pathway for concentrated groundwater flow 
that differs from the standard model for karst aquifers, which is 
based on the role of fractures and cavernous dissolution features. 

This emerging view on the relationships between permeabil- 
ity and bioturbation has received a more systematic treatment 
(Pemberton and Gingras, 2005). In a seminal paper, these authors 
recognized five different situations: (1) surface-constrained 
textural heterogeneities; (2) non-constrained textural heteroge- 
neities; (3) weakly defined textural heterogeneities; (4) diagenetic 
textural heterogeneities, and (5) cryptic bioturbation (Fig. 5.13). 

Surface-constrained textural heterogeneities occur in connection 
with discontinuity surfaces delineated by the Glossifungites ichno- 
facies. These heterogeneities are represented by high-permeability 




Figure 5.11 Ophiomorpha saturated in oil. No hydrocarbons occur in 
the impermeable pelletoidal wall. Lower Miocene, Oficina Formation, 
Oritupano Field, Eastern Venezuela Basin. Core width is 7 cm. 

burrows that penetrate a low-permeability firm substrate. Therefore, 
elements of the Glossifungites ichnofacies introduce discretely 
packaged coarse-grained sediment into the underlying matrix, 
enhancing vertical permeability and creating a dual porosity- 
permeability system. Although permeability enhancement is 
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Box 5.3 Burrowing, accelerated weathering, and mineral authigenesis 

Experiments with the annelid Arenicola marina have illustrated the importance of bioturbation and biodeposition in changing 
the chemical properties of the substrate. Two experimental tanks containing mature sand and mud consisting of quartz, chlor- 
ite, and muscovite were prepared. Arenicola marina was introduced into one and the other one was kept separate as a control. 
The annelids introduced into the experimental tank constructed J-shaped burrows penetrating up to 20 cm below the sediment- 
water interface, and significantly mixing the sediment. After 20 weeks, the mud in the control tank remained unchanged. In con- 
trast, sediment in the tank populated with A. marina underwent significant mineralogical changes. Chlorite was preferentially 
destroyed during digestion and neoformed minerals were detected in the cast samples. It has been suggested that the lowered 
pH microenvironment in the organisms’ guts accelerated mineral dissolution and precipitation processes during digestion. This 
experiment demonstrated that burrowing significantly changes substrate properties. By causing the growth of authigenic clays, 
digestive processes of A. marina influence the porosity and permeability of potential reservoir facies. Attempts to predict rates 
of mineral weathering and authigenesis without taking biogenic processes into account are unlikely to be accurate. 

Reference: Mcllroy et al. (2003). 
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Figure 5.12 Multilayer colonizers and their role on vertical transmissivity of fluids, (a) Ophiomorpha (Op) ichnofabric in Mesozoic and Cenozoic 
thin-bedded turbidites. (b) Skolithos (Sk) ichnofabrics in lower Paleozoic intertidal heterolithic facies. Burrows passing through several layers may 
cause an increase in vertical permeability. Modified from Buatois and Mangano (2000). 



limited in thickness, some of these surfaces (e.g. wave ravinement 
surfaces) have remarkable lateral extension. In some cases (e.g. 
Ghawar field of Saudi Arabia), firmground Thalassinoides bur- 
rows represent a biogenic plumbing system, conducive to strati- 
form super-permeability (Super-K). 



Non-constrained textural heterogeneities are represented by 
discrete, sediment-filled burrows, encased by low-permeability 
sediment, which are not associated with a discontinuity surface. 
The host sediment commonly records low-energy background 
deposition, while the eoarser-grained burrow-fill is delivered 
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Non-constrained textural heterogeneities 
•Discrete sediment-filled burrows in a low-permeability 
substrate 

-Primarily dual-porosity system 
-Typically 20-70% volume of media 



Weakly defined textural heterogeneities 
-Biogenically sorted flow conduits 
-Generally dual-porosity 
-Typically 60-90% volume of media 



Diagenetic textural heterogeneities 
-Oiagenetic enhancement of flow paths caused by 
physical or compositional heterogerreity 
•Primarily a dual-porosity system 
-Typically 20-60% volume of media 



Surface constrained textural heterogeneities 
-Discrete sediment-filled burrows in a low-permeability 
substrate 

-Dual-porosity/dual-permeability 
-Typically 5-50% volume of media 



Figure 5.13 Relationships between permeability and bioturbation In the case of non-constrained textural heterogeneities, selective feeding in Zoophycos 
(Zo), Chondrites (Ch), and Phycosiphon (Ph) results in coarser-grained burrow fill in comparison with the host low-permeability silt-dominated sediment. 
Weakly-defined textural heterogeneities are illustrated by coarser sand-filled Thalassinoides (Th) penetrating into a finer-grained sandy matrix. Permeability 
contrast is subtler than in the previous case. Diagenetic textural heterogeneities are typically associated with diagenetic processes induced by bioturbation, 
resulting in the formation of tortuous pathways for fluid transmission in mottled carbonates. Surface-constrained textural heterogeneities are associated 
with discontinuity surfaces delineated by the Glossifungites ichnofacies, in which Thalassinoides (TK) burrow systems introduce discretely packaged coarse- 
grained sediment into the underlying low-permeability matrix, enhancing vertical permeability (Super-K). Modified from Pemberton and Gingras (2005). 



during high-energy sedimentation events or results from select- 
ive feeding. Vertical burrows that penetrate into the substrate 
may interconnect permeable layers separated by low-permeabil- 
ity interbeds that may otherwise serve as barriers to fluid migra- 
tion. A typieal example is represented by vertical burrows of the 
Skolithos ichnofacies connecting thinly bedded sandstone and 
mudstone suecessions. In some cases (e.g. Terang-Sirasun field 
of Indonesia), a similar eflfeet is attained by Zoophycos filled with 
empty globigerinid tests that penetrates into pelagic carbonates, 
increasing vertical permeability and breaching possible barri- 
ers. Another example is illustrated by Macaronichnus. In this 
case, the host sediment records high-energy conditions and the 
tracemaker causes significant mineralogical heterogeneity, lead- 
ing to significant changes in permeability (Gingras et al., 2002). 
Selective feeding in Nereites missouriensis and Phycosiphon 
incertum may play a key role in promoting gas transmissivity in 
low permeability gas-prone reservoirs (Fig. 5.14). 

Weakly defined textural heterogeneities consist of discrete 
burrows infilled with sediment that slightly differs from the 
encompassing sediment. This situation is commonly illustrated 
by coarser sand-filled Thalassinoides penetrating into a finer- 
grained sandy matrix. Flow paths are tortuous as a result of the 
chaotic distribution of burrow conduits. Although the contrast 
between the burrows and the matrix is subtler than in previous 
scenarios, permeability contrasts may still influence production 
from these burrowed units. 



Diagenetic textural heterogeneities typically result from dolo- 
mitization in bioturbated limestone. Burrowing in carbonates 
creates significant physical and compositional heterogeneities. 
The former includes changes and redistribution of grain size, 
sorting, and compaction. Compositional heterogeneities are 
caused by the concentration of organic material in the form of 
mucous or fecal material. Burrowing creates a microenvironment 
that is conducive to bacterial colonization. Diagenetic processes 
induced by bioturbation result in changes in porosity and per- 
meability. Typical examples are represented by burrow systems, 
such as Thalassinoides, which create tortuous pathways for fluid 
transmission in mottled carbonates. 

Cryptic bioturbation is a very subtle t)T3e of permeability 
enhancement characterized by non-discrete biogenic structures 
that completely alter the sediment, mostly resulting from the activ- 
ity of meiofaima or small infauna. The high intensity of cryptic 
bioturbation may create zones of high permeability in sediment 
that in other aspects (e.g. grain size) shows little heterogeneity. 
Cryptobioturbation is common in shallow- to marginal-marine clas- 
tic deposits where it may affect considerable volumes of sediment. 

The study by Pemberton and Gingras (2005) demonstrated 
that bioturbation has been commonly overlooked as a process 
that enhanced permeability in clastic and carbonate reservoirs. 
Of most importance, petrophysical studies are not usually 
focused at the trace-fossil scale. While the applications of ich- 
nology in facies analysis and sequence stratigraphy are currently 
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Figure 5.14 High-density of Nereites missoiiriensis in offshore-transition 
deposits illustrating an example of non-constrained textural heterogenei- 
ties. Presence of this ichnofabric promotes gas and light oil transmissivity 
in low permeability reservoirs in many fields in North America. Upper 
Devonian-Lower Mississippian, Bakken Formation, Saskatchewan, 
Canada. Core width is 9.5 cm. See Angulo and Buatois (2009). 

taken into consideration in the petroleum industry, the role of 
bioturbation as a modifying agent of porosity and permeability 
has been essentially neglected. 

5.8 CRITICAL EVALUATION: ICHNOFABRICS 
VERSUS ICHNOFACIES OR ICHNOFABRICS 
AND ICHNOFACIES? 



We believe that ideas derived from the ichnofabric approach 
should be used within the broader framework of the ichno- 
facies model. Both research strategies may be employed in 
conjunction, resulting in a more comprehensive and consist- 
ent view of the trace-fossil record. A well-balanced eclecticism 
may be a healthy approach to the ichnological record. As noted 
by Mcllroy (2008), the confrontation between the ichnofabric 
approach and the ichnofacies model is misleading. The notion 
that ichnofabric analysis should replace ichnofacies put for- 
ward by Goldring (1993, 1995) is not supported by present 
developments in the field. 

The ichnofabric approach is ideally suited to the study of cores 
(e.g. Bockelie, 1991; Martin and Pollard, 1996; Mcllroy, 2004b; 
Gerard and Bromley, 2008). However, ichnofacies have proved 
to be extremely successful in paleoenvironmental and sequence- 



stratigraphic studies in cores (e.g. Pemberton et al., 2001). In 
addition, both approaches have been routinely employed in out- 
crops. The ichnofabric approach is particularly useful in fully bio- 
turbated deposits, as illustrated by chalk facies (e.g. Ekdale and 
Bromley, 1991), and some fine-grained shallow-marine units, 
such as the Jurassic Fulmar Formation of the North Sea (Martin 
and Pollard, 1996; Gowland, 1996; Gerard and Bromley, 2008) 
or the Miocene Chenque Formation of Patagonia (Buatois et ah, 
2003; Carmona et al., 2008). In contrast, many depositional set- 
tings are characterized by limited development of ichnofabrics. 
For example, delayed evolutionary innovations of the terrestrial 
and freshwater biotas constrained the development of continental 
ichnofabrics (Buatois and Mangano, 1998, 2007). Paleozoic flu- 
vio-lacustrine and fluvio-estuarine ichnofaunas are dominated by 
bedding-plane, very shallow trace fossils, mostly grazing trails and 
arthropod trackways that produce little or no bedding disruption. 
Consequently, trail- and trackway-bearing deposits are commonly 
seen in cross-section as unbioturbated, fine-grained, thinly lami- 
nated rocks, precluding traditional ichnofabric analysis (Buatois 
et al., 1998d). Ediacaran to earliest Cambrian deposits also con- 
tain bedding-plane trace fossils with almost no disturbance of pri- 
mary fabric (see Sections 14. 1 .2 and 14. 1 .3). To a lesser degree, the 
same is shown by thinly bedded turbidites, which contain highly 
diverse graphoglyptid ichnocoenoses (e.g. Ksiqzkiewicz, 1977; 
Leszczynski and Seilacher, 1991; Uchman, 1995, 1998). 

It has been emphasized that the ichnofabric approach provides 
a finer paleoenvironmental resolution because there are more 
ichnofabrics than ichnofacies. Although this is theoretically true, 
in practice the strategy to be undertaken is largely dependent on 
the scale of analysis. In addition, it is unclear if a large num- 
ber of ichnofabrics recognized in a studied interval results in a 
more precise paleoenvironmental characterization. For example. 
Goldring et al. (1991) recognized seven different Phycosiphon 
ichnofabrics, but they mostly occur between the offshore transi- 
tion and the upper offshore. This fact may point to the existence 
of several ichnocoenosis and the commonly overlooked issue 
of spatial heterogeneity (e.g. Mangano et al., 2002a; Mcllroy, 
2007a). Moreover, ichnofacies practitioners do not restrict them- 
selves to mere ichnofacies recognition; in fact, ichnofacies are 
subdivided in case-by-case studies allowing detailed subdivision 
of different environments (e.g. MacEachern et al., 1999a). 

The strength of the ichnofacies model relies on its arche- 
typal nature (see Sections 4.1 and 4.6). The strength of the 
ichnofabric approach resides in the evaluation of the tapho- 
nomic controls that filter the biogenic signal through the fos- 
silization barrier. Accordingly, taphonomy may illuminate 
the nature of some ichnofacies (taphofacies of Bromley and 
Asgaard, 1991). Analysis of tiering structure and ichnoguild 
characterization are strong conceptual and methodological 
tools derived from the ichnofabric approach. These tools are 
particularly useful to evaluate composite ichnofabrics that 
result from successive bioturbation events. Also, ichnoguilds 
provide a conceptual approach to the study of ecospace util- 
ization through geological time, yielding valuable insights 
into evolutionary paleoecology (see Chapter 14). 




Part II Spatial trends 





6 Trace fossils and paleoecology 



Decian que habia como mil pichis escondidos en la tierra, jenterrados! Que tenlan de todo: comida, todo. Muchos declan tener ganas 
de hacerse pichis cada vez que se venian los Harrier soltando coheres. 

Rodolfo Foghill 
Los Pichiciegos (1994) 



Organisms burrow in response to many biotic and environmen- 
tal factors. Ichnological studies provide detailed information on 
environmental parameters involved during sediment deposition 
and, therefore, serve as a basis for sedimentary environment 
and facies analysis. To that end, ichnological analysis should 
focus on the paleoecological aspects of trace-fossil associations 
(e.g. ethology, feeding strategies, ichnodiversity) and should 
avoid the simple use of a checklist approach because this may 
lead to paleoenvironmental misinterpretations. The paleoeco- 
logical approach needs to be integrated with facies analysis, 
and should never aim to replace it. Many factors define the 
niche and survival range of animal species. However, the key 
to the analysis is the identification of major control factors, 
which are called limiting factors (Brenchley and Harper, 1998). 
In this chapter, we revise the response of benthic organisms to 
different environmental parameters, evaluate the role of taph- 
onomy, and address a set of concepts that should be employed 
in paleoecological analysis of trace fossils, such as ichnodiver- 
sity and ichnodisparity, population strategies, and the notion 
of resident and colonization ichnofaunas. Then, based on 
the concept of ecosystem engineering, we discuss how organ- 
isms affect the environment. Finally, we address what biogenic 
structures can tell us about organism-organism interactions 
and spatial heterogeneity. 

6.1 RESPONSE TO ENVIRONMENTAL PARAMETERS 



As organism behavior is highly sensitive to certain parameter 
fluctuations (e.g. salinity, oxygen), biogenic structures may pro- 
vide information that cannot be derived from conventional 
facies analysis strictly based on physical evidence (e.g. Gerard 
and Bromley, 2008). Ideally, sedimentological and ichnologi- 
cal data should be integrated with paleoecological information 
derived from the associated body fossils (e.g. Scasso et al, 1991; 
Mangano and Buatois, 1996). In any case, integrated paleo- 
environmental studies have shown that the level of resolution 
obtained using trace fossils commonly supersedes those based 
on palynofossils and foraminifers (MacEachern et al., 1999b; 
Aquino et ah, 2001). Also, it has been suggested that sediment- 
ary and ichnological features should be carefully analyzed in 



order to provide constraints to guide geochemical sampling and 
interpretation (Schieber, 2003). 

Although in this chapter environmental factors are considered 
separately, it is important to understand that the limits of toler- 
ance of benthic organisms are defined in terms of multi-variable 
responses, rather than in terms of isolated factors (Newell, 1979). 
For example, in tidal-flat environments, salinity, temperature, and 
exposure to subaerial conditions are intimately linked, and are 
strongly dependent on latitudinal position and climate (Mangano 
et al., 2002a). On the other hand, hydrodynamic energy and 
substrate conditions are also interconnected and dependent on 
coastal topography and physiography. The resultant ichnofauna 
is therefore shaped by the interplay of key environmental param- 
eters overprinted by taphonomic factors (see Section 6.2). 



6.1.1 HYDRODYNAMIC ENERGY 

Hydrodynamic energy is one of the most common limiting fac- 
tors in trace-fossil distribution, influencing both the behaviors 
of the tracemakers, as well as the preservation potential of 
their respective biogenic structures. Trace-fossil associations 
from low- and high-energy settings are remarkably differ- 
ent (Fig. 6.1). Ichnofaunas developed under low-energy con- 
ditions are dominated by horizontal traces of deposit and 
detritus feeders, as well as active predators. In deep-marine 
environments, other more sophisticated feeding strategies, 
such as farming and capture of microorganisms, are com- 
monly involved (Seilacher, 1977a). Overall, marine low-energy 
trace-fossil associations display high ichnodiversity and are typ- 
ically included in the Cruziana and Nereites ichnofacies. In the 
freshwater realm, associations are less varied, and represented 
by the Scoyenia and Mermia ichnofacies. 

High-energy ichnofaunas are typically characterized by the 
dominance of vertical dwelling structures of infaunal suspension 
feeders and/or passive predators, forming low-diversity suites that 
are commonly included in the Skolithos ichnofacies. Burrow sys- 
tems, such as Thalassinoides and Ophiomorpha, tend to show a 
higher proportion of vertical components under conditions of 
increasing energy (Howard and Frey, 1984; Anderson and Droser, 
1998). The high energy of tides, waves, and currents strongly 



99 



Trace fossils and paleoecology 



100 



Ichnofades 

I Mscamnictmis ^ Skolithos \ Cruziana \ Zoophycos I Nereites 

assemblage 

< Increasing hydrodynamic energy 



Organic partidas 
in suspansion 



U 



Feeding on 
epigrarular bacteria 



Suspension feeders 
Passive predators 



Organic particles 
In sediment 
(high content) 



Organic particles 
in sadimeni 
(low content) 




Detritus & deposit feeders 
Active predators 



Farming & trapping 



Figure 6.1 Relationship between trace-fossil associations, hydrodynamic energy, and food supply. Episodic sedimentation (i.e. storms and turbidity 
currents) generates environmental disturbances and may introduce organic particles in suspension favoring seaward displacement of suspension- 
feeding infauna. A wave-dominated regime is assumed. 



Box 6.1 Response of the polychaete Euzonus to beach morphodynamics 

Some sandy beaches of central Japan are characterized by wave dominance and high energy. The opheliid polychaete Euzonus 
is abundant at mid intertidal levels of the foreshore, producing incipient Macaronichnus. A detailed study was conducted dur- 
ing almost every spring tide from June to December in 2006. Distribution of Euzonus and orientation of its traces were plotted 
along a transect line. During fair-weather conditions, beach sediments accumulate landward, with the beach face developing 
as a steep slope. During storm conditions, the beach face is eroded by large waves, generating a gentle slope. Euzonus moves 
horizontally seaward and landward within the substrate in response to the shifting beach face as a result of changes in wave 
conditions. Under fair-weather conditions this polychaete burrows horizontally without any preferential direction. In contrast, 
under heavy erosion due to storm waves, Euzonus moves landward. The infaunal mode of life prevents Euzonus from excessive 
burial and washing out due to beach morphodynamics. 

References: Seike (2008, 2009). 



controls patterns of trace-fossil distribution along tidal shorelines. 
High-energy zones of tidal flats are typically dominated by vertical 
burrows, such as Diplocraterion or Skolithos (e.g. Cornish, 1986; 
Simpson, 1991). Deposits formed in these settings commonly 
contain deep gutter casts, flute marks, truncated vertical shafts, 
palimpsest surfaces, and transported burrows, which result from 
events of high energy that sculpt the tidal-flat surface and move a 
considerable amount of sediment (Mangano et al., 2002a). 

Overall features of high-energy ichnofaunas are strongly 
influenced by taphonomic controls. Modern coastal high-en- 
ergy environments may contain a moderate number of horizon- 
tal trails and burrows. However, their preservation potential in 
these settings is very low. For example, any enthusiastic diver 
knows that modern high-energy subtidal environments of 
tropical-carbonate systems, such as those in the Bahamas, are 
plagued with horizontal biogenic structures of starflsh, large 
heavy gastropods, and crawling crabs, but their Pleistocene 
counterparts are commonly dominated by vertical Ophiomorpha 
burrows (Curran, 1994). 

Interestingly, under very high-energy conditions, some 
ichnofaunas display characteristics that are in sharp contrast to 
those of the Skolithos ichnofades. These ichnofaunas are domi- 
nated by horizontal trace fossils produced by mobile deposit 



feeder polychaetes assigned to the ichnogenus Macaronichnus 
(Pemberton et al., 2001; Seike, 2008, 2009; Quiroz et al., 2010) 
(Box 6.1). These organisms feed on epigranular bacteria around 
sand grains and inhabit well below the sediment-water interface 
as a result of strong infiltration that produces well-oxygenated 
and nutrient-rich environments within the sediment. In contrast 
to shallow- to mid-tier horizontal traces, the deep emplacement 
of Macaronichnus provides high preservation potential under 
high-energy conditions (MacEachern and Pemberton, 1992; 
Pemberton et al., 2001). 

In shallow-marine environments, local fluctuations in 
hydrodynamic energy are recorded by the alternation of the 
Cruziana and Skolithos ichnofades. In storm-dominated set- 
tings, the former represents fair-weather conditions, while the 
latter is storm related (Pemberton and Frey, 1984a; Pemberton 
et al., 1992c; Pemberton and MacEachern, 1997). In tide-influ- 
enced environments, the Cruziana ichnofades may be associated 
with slack-water periods, while the Skolithos ichnofades is more 
typical of higher-energetic traction sedimentation (Mangano 
and Buatois, 2004a, b). An analogous situation occurs in deep- 
marine environments where the Nereites and Skolithos ichno- 
fades alternate due to repeated times of pelagic and turbidite 
sedimentation, respectively (Crimes, 1977). 
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6.1.2 SUBSTRATE 

Whereas the anatomy of body fossils is controlled by inherited 
genetic factors, the morphology of trace fossils is strongly influ- 
enced by extrinsic factors in addition to the constraints imposed 
by animal anatomy (Goldring et al, 1997). Substrate type and 
consistency are important external factors in determining both 
burrowing technique and infaunal community composition 
(Bromley, 1990, 1996). Substrate consistency embraces the intri- 
cate interplay of multiple factors (e.g. grain size, sorting, water 
content, organic matter content, mucus binding) that define the 
mechanical properties of the sediment (Bromley, 1990, 1996). 
In turn, sediment composition directly influences substrate 
consistency. The degree of substrate consolidation may change 
laterally, vertically, or temporally. Lateral changes occur along 
a sediment surface at different scales as a response to environ- 
mental heterogeneity (e.g. intertidal areas having both emer- 
gent zones and submerged pools). Vertical changes result from 
a decrease in sediment water content and increase in compac- 
tion within the sediment, thereby influencing infaunal tiering. 
Temporal changes result from a progressive increase of sub- 
strate consolidation either as a result of desiccation (e.g. over- 
bank sediment) or early diagenesis (e.g. carbonate substrates). 

Carbonate substrates may be subjected to progressive dewa- 
tering, and a series of stages based on degree of consolidation 
have been defined. These include soupground, softground, firm- 
ground, and hardground, which are associated with increasing 
compaction and cementation (Ekdale et al., 1984; Ekdale, 1985; 
Lewis and Ekdale, 1992). These categories also apply for silici- 
clastic substrates, although hardgrounds are exceedingly rare in 
siliciclastic rocks. To this list we should add xylic substrates or 
woodgrounds (Bromley et al., 1984). Substrate-controlled ichno- 
facies are defined based on these substrate categories (see Section 
4.3). In the case of modern sediments, a series of field methods 
have been developed to determine substrate firmness (e.g. Gingras 
and Pemberton, 2000; Rodriguez-Tovar and Delgado, 2006). 

Soupgrounds are saturated in water and incompetent. 
Organisms may move in these substrates; in many cases they 
swim through them using undulatory movements (Bromley, 
1990, 1996). However, the preservation potential of these 
structures is nearly zero (Ekdale, 1985). Softgrounds represent 
unconsolidated sediment, and are inhabited by a large num- 
ber of borrowers, becoming the most appropriate substrate 
for production and preservation of biogenic structures. Most 
of the established ichnotaxa typically belong to softgrounds. 
Goldring (1995) introduced the term “looseground” for soft 
sand and gravel as distinct from soft mud and silt (softground). 
Loosegrounds commonly contain robust burrows with rein- 
forced walls (e.g. Ophiomorpha). Wetzel and Uchman (1998b) 
introduced the concept of stiffground, which has been further 
expanded by Lettley et al. (2007a) to include stiff, but not fully 
compacted mud, commonly developed along inclined surfaces 
in heterolithic sediment. Stiffgrounds contain medium- to 
small-sized unlined burrows that may suffer significant com- 
paction after emplacement. Firmgrounds are compacted and 



dewatered sediment that have not yet undergone cementation. 
They typically contain abundant burrows and pseudoborings, 
although ichnodiversity is rather low. Burrows are typically 
unlined, display bioglyphs, and do not suffer significant com- 
paction (Bromley, 1975). Hardgrounds are cemented substrates, 
which may contain bioerosion structures (see Section 1.1). In 
contrast to the rigidity of hardgrounds, woodgrounds are flex- 
ible, formed by organic matter, and experience rapid biodeg- 
radation (Bromley et al., 1984). Bivalves and insects are typical 
tracemakers in xylic substrates. In recent years, increased atten- 
tion has been paid to sediment surfaces stabilized my micro- 
bial action, referred to as matgrounds (Seilacher, 1999; Baucon, 
2008; Buatois and Mangano, 2003a, 2010). Some grazing trails 
and feeding traces (e.g. Oldhamia) may reflect strategies to 
exploit microbial mats (see Section 14.1.2). 

Most studies concerning substrate-controlled trace fossils have 
focused on the evolution of carbonate substrates and how this 
affects community composition (e.g. Bromley, 1975; Goldring and 
Kazmierczak, 1974; Mangano and Buatois, 1991; Bromley and 
Allouc, 1992; Lewis and Ekdale, 1992; Taylor and Wilson, 2003), 
or on the erosional exhumation of firm siliciclastic sediments and 
its implications in sequence stratigraphy (e.g. MacEachern et al., 
1992; Pemberton et al., 2004). However, recent work emphasizes 
that the process of dewatering, and the concomitant changes 
in substrate properties, is a continuum rather than a series of 
compartmentalized stages, allowing the establishment of a scale 
of morphological variation of ichnofossils depicting substrate 
evolution (e.g. Buatois et al., 1997a; Lobza and Schieber, 1999; 
Mangano et al, 2002a; Schieber, 2003; Uchman and Pervesler, 
2006; Davis et ah, 2007; Carmona et ah, 2010). Therefore, trace 
fossils serve as useful tools for evaluating substrate properties. In 
defining a range of substrate conditions, the presence of impreg- 
nated walls, sharpness of delicate morphological details, and 
degree of deformation are important observations (Goldring, 
1991). In addition, changes in burrowing mechanisms, from 
swimming through sediment (soupground) and sediment feed- 
ing with active backfilling (softground) to sediment feeding with 
passive filling (firmground) occur as a response to increasing 
substrate consistency (Schieber, 2003) (Fig. 6.2). Although in 
theory it should be possible to identify ichnotaxa irrespective 
of substrate effects, occasionally deformation is so severe that 
accurate identification cannot be achieved. In soupgrounds, only 
biodeformational structures can be identified. 

Morphological changes in trace fossils due to different 
degrees of substrate consolidation are common in water bod- 
ies and floodplain environments subject to desiccation or sta- 
bilized by microbial mats. Buatois et al. (1997a) documented 
changes in morphology in Permian floodplain trace fossils due 
to increased consolidation of the substrate. Morphological 
details are very poorly preserved in specimens of Cochlichnus 
anguineus, which were emplaced in a water-saturated substrate 
(Fig. 6.3a). These poorly preserved traces may be cross-cut by 
better-defined softground trace fossils, reflecting increasing 
compaction. This second suite includes Helminthoidichnites ten- 
uis, Helminthopsis abeli, and another generation of Cochlichnus 
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Figure 6.2 Relationship between morphology of different groups of trace fossils and degree of substrate consolidation. In general, quality of mor- 
phological definition increases parallel to increased cohesiveness. 




anguineus (Fig. 6.3b). The dwelling traces Ctenopholeus kut- 
scheri and Palaeophycus striatus were emplaced in slightly stiffer 
substrates. The overall features of this ichnofauna reflect sub- 
aqueous emplacement in a water body. Other ancient floodplain 



Figure 6.3 Trace-fossil morphology 
and degree of substrate consolidation 
in Permian overbank deposits. La 
Golondrina Formation, Patagonia, 
Argentina. See Buatois et al. (1997a). 

(a) Extremely deformed CochUchnus 
anguineus. Note bedding-plane 
expression of Ctenopholeus kutscheri 
shafts cross-cutting C. anguineus. 

(b) Well-preserved specimens of 
C anguineus. Scale bars are 1 cm. 

deposits exhibit suites formed in even more compacted sediment. 
The softground suite is characterized by meniscate, backfilled 
structures without ornamentation (e.g. Taenidium, Beaconites), 
and the firmground suite is typified by striated trace fossils 
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(e.g. Scoyenia, Spongelioinorpha), cross-cutting the former. The 
resulting palimpsest surfaces reflect progressive desiccation of 
sediment accumulated along the margins of freshwater bodies 
(Buatois and Mangano, 2002, 2004a). 

Tidal-flat trace fossils also display striking morphological 
variations depending on the degree of consolidation of the sub- 
strate (Mangano et al., 1998, 2002a; Uchman and Pervesler, 2006). 
Studies on marine benthic ecology demonstrate that vertical and 
horizontal differences in substrate conditions influence the diver- 
sity, abundance, and distribution of intertidal organisms (Newell, 
1979; Reise, 1985). Because tidal flats are regularly exposed and 
submerged by the tides, the concomitant pore-fluid content within 
the sediment will vary during a tidal cycle. On the other hand, the 
low-tide landscape is commonly characterized by the presence of 
tide pools within a generally emerged area, resulting in a range of 
substrate conditions along an isochronous surface. 

Trueman et al. (1966) analyzed the effects of substrate, particu- 
larly grain size, on the rate of burrowing by soft-bodied animals, 
concluding that the easier the penetration, the worse the anchor- 
age, and vice versa. A dilatant medium becomes Arm and more 
resistant to shear as increased force is applied, whereas a thixo- 
tropic system shows reduced resistance to increased rates of shear. 
As a consequence, anchorage requires a substance with dilatant 
qualities, whereas motion is facilitated by a thixotropic system 
(Trueman and Ansell, 1969). Factors involved in the penetration 
and protraction phase tend to compensate one another so that 
the difference in the rate of burrowing may not be determined 
solely by grain size. However, Trueman et al. (1966) noticed that 
compacted sediment is stiffer, which results in a decreased bur- 
rowing rate. Accordingly, the frequency of the digging cycle and 
depth of penetration in each sequential movement decrease as 
burrowing into deeper levels proceeds (Ansell, 1962). Within any 
given grain-size range, a more compacted sediment will be less 
fluid and stiffer, offering increased resistance to penetration. 

Several studies have investigated controls by substrate fluidity 
on the morphological variability of protobranch bivalve trace 
fossils (Mangano et ah, 1998, 2002a; Carmona et ah, 2010). 
These structures exhibit a complex array of relationships con- 
trolled by bivalve behavior, substrate character, and toponomy. 
In bivalve chevron locomotion traces (i.e. Protovirgularia), the 
distance between two chevrons represents each sequential set of 
movements, the chevron indicating the site the foot flaps were 
anchored within the sediment. Sharp, closely spaced chevrons 



account for short steps, with the animal struggling to advance in 
stiff, resistant sediment (Fig. 6.4a). Mangano et al. (1998) docu- 
mented striking changes in the morphology of Protovirgularia in 
a Carboniferous tidal flat. The sharp chevrons of Protovirgularia 
bidirectionalis provide evidence of penetration in relatively firm, 
dewatered substrates. Structures with sharp, closely spaced chev- 
rons represent what can be characterized as the firmer end of the 
softground range. Longer distances between chevrons, such as 
those observed in some delicate Protovirgularia dichotoma may 
reflect relatively coherent, but less resistant substrates, result- 
ing in lower shell friction, and allowing smoother and easier 
movement during the protraction phase. Fluid sediment is con- 
ducive to the formation of irregular and highly deformed bio- 
genic structures, reflecting complications in obtaining a secure 
anchorage (Fig. 6.4b). Similar substrate controls on the morph- 
ology of Protovirgularia have been documented in Miocene 
tide-dominated deltaic deposits (Carmona et al., 2010). 

Uchman and Pervesler (2006) analyzed how substrate 
properties influence amphipod and isopod structures in a mod- 
ern tidal flat. As in the previous cases, they noted that a variety of 
biogenic structures reflects the stiffness of the substrate and the 
organism’s ability to cope with it. Semi-fluid substrates prevent 
preservation of biogenic structures, while increasing stiffness 
leads to preservation of morphological details. Interestingly, on 
stiff and very stiff substrates these crustaceans move by jump- 
ing rather than penetrating into the substrate. 

Substrate consistency also plays a major role in the mor- 
phological fidelity of arthropod and vertebrate trackways. 
Davis et al. (2007) conducted detailed neoichnological experi- 
ments that addressed trackway formation in substrates of 
various grain sizes and degrees of consolidation simulating 
subaerial and transitional subaerial-subaqueous environments. 
These authors noted that with increased firmness of the sub- 
strate there is a tendency to increased definition of individual 
tracks, decreased track width, and loss of tracks within ser- 
ies. Locomotion by heavier arthropods resulted in trackways 
formed across a broader spectrum of grain size and moisture. 

Recently, Scott et al. (2010) investigated controls exerted on 
vertebrate track morphology by wetting and drying cycles in 
substrates containing different clay minerals in an attempt to 
evaluate the taphonomy of biogenic structures around saline 
lakes. These studies suggested that track morphology in smectitic 
substrates is altered rapidly by wetting and drying, particularly 




Figure 6.4 Relationship between 
morphology of bivalve locomotion 
trace fossils (Protovirgularia rugosa) 
and degree of substrate consoli- 
dation, Stull Shale, Waverly trace- 
fossil site, Kansas, United States. 
See Mangano et al. (1998, 2002a). 

(a) Sharp, closely spaced chevrons 
recording relatively stiff sediment. 

(b) Delicate, poorly defined chev- 
rons. Note flute casts that suggest 
relatively fluid, poorly cohesive sedi- 
ment. Scale bars are 1 cm. 
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in the case of substrates containing saline pore waters. In con- 
trast, track morphology is less affected in non-swelling elays (e.g. 
kaolinite). These authors also noted that the degree of morpho- 
logical alteration and/or resistance to wetting and drying is con- 
trolled by the rate of substrate drying and the type of resulting 
salt efflorescence (e.g. interstitial versus surficial crust). 

Bromley (2001) noted that if the substrate is too rigid and 
the animal is not too heavy, no vertebrate footprints are pre- 
served, while, in relatively firm substrates, tracks preserve very 
delicate structures of the track-making limb (e.g. hairs, scales, 
claws). With increasing fluidity and softness, however, morpho- 
logical features become blurred, and the impression of the limb 
causes significant sediment flow and disruption. Bromley (2001) 
coined the name “ugly trace fossils” for this type of footprint. 
Assigning these tracks to specific producers may be difficult due 
to the lack of diagnostic features. In some cases, track misin- 
terpretations are far from trivial. This is the case of elongate 
indistinct Cretaceous trackways in Texas that were attributed 
to humans in pseudoscientific and creationist circles, including 
some popular movies during the seventies. More serious ana- 
lysis indicated that these are deformed theropod dinosaur tracks 
(Kuban, 1989)! In any case, Bromley (2001) noted that these 
footprints convey significant environmental information, par- 
ticularly with respect to sediment shear strength and pore-water 
content, and ultimately the environmental setting of formation 
(e.g. Marsicano et al., 2010). This situation is reminiscent of 
taphonomy’s motto of the late eighties “Ecology’s loss is sedi- 
mentology’s gain” (Thomas, 1986). In the case of trackways, it 
is “Anatomy’s loss is sedimentology’s gain.” 

6.1.3 OXYGENATION 

The importance of oxygen content as a limiting factor has been 
outlined in different ichnological studies (Bromley and Ekdale, 
1984b; Ekdale and Mason, 1988; Savrda and Bottjer, 1986, 
1989, 1991; Wignall, 1991; Leszczynski, 1991a; Savrda, 1992, 
2007a; Martin, 2004). Rhoads and Morse (1971) proposed a 
subdivision of marine waters and associated biofacies in three 
categories based on their oxygen content. These studies indi- 
cated that aerobic or fully oxygenated water contains oxygen 
in excess of 1 .0 ml O 2 /I HjO, dysaerobic or poorly oxygenated 
water eontains between 1.0 and 0.1 ml OJl HjO, and anaerobic 
or anoxic water is characterized by less than 0.1 ml O 2 /I H 2 O. 
Subsequent studies slightly modified this scheme and suggested 
separate terms for the oxygenation regime and the biofacies 
(Tyson and Pearson, 1991). This revised scheme of oxygenation 
levels includes oxic (8. 0-2.0 ml O 2 /I H 2 O), dysoxie (2. 0-0. 2 ml 
O 2 /I HjO), suboxic (0. 2-0.0 ml O 2 /I H 2 O), and anoxie (0.0 ml 
O 2 /I H 2 O). The corresponding biofacies for these four categories 
are aerobic, dysaerobic, quasi-anaerobic, and anaerobic. 

Studies in modern environments demonstrate that diverse 
shelly faunas tend to flourish under aerobic conditions, while 
dysaerobic associations are commonly dominated by poorly 
diverse, small soft-bodied organisms (Rhoads and Morse, 1971; 
Byers, 1977; Savrda et al., 1991; Tyson and Pearson, 1991). 



It has been a tenet that quasi-anaerobic biofacies lacks mac- 
rofauna, but has in situ benthic meio- and microfauna (Neira 
et al., 2001). The 0.2 ml O 2 /I H 2 O boundary seems to mark the 
disappearance of infaunal bioturbation (Tyson and Pearson, 
1991). Traditionally, in ichnological models the quasi-anaerobic 
zone has been eonsidered together with the anoxic zone. Anoxic 
settings are essentially devoid of metazoan life. The so-called 
“exaerobic zone” was further introduced based on the presence 
of calcified invertebrates (Savrda and Bottjer, 1987), and is now 
regarded as corresponding, at least in part, to the quasi-anaero- 
bic biofacies. In addition, it has been noted that these divisions 
do not account for rapid seasonal changes (Oschmann, 1993). 
Recent studies documented intense bioturbation in near-anoxic 
sediment (0.02-0.03 ml O 2 /I H 2 O), suggesting that the oxygen 
limit of macrofaunal bioturbation may be significantly lower 
than previously estimated (Levin et al., 2003). Bacterial com- 
munities have also been reported as blooming under anoxic 
conditions (e.g. Caumette, 1986; Jorgensen, 1996). 

Several attempts have been made to link trace-fossil suites to 
specific conditions of oxygen content in both the bottom waters 
and the interstitial waters of a given sediment. Some of these 
models are very general (e.g. Ekdale and Mason, 1988), while 
others are exclusive for pelagic (e.g. Savrda and Bottjer, 1986, 
1989, 1991) orturbiditie sedimentation (e.g. Leszczynski, 1991a). 
All these models generally agree that the density of bioturbation, 
traee-fossil diversity, maximum penetration, and burrow size tend 
to decrease with deereasing oxygen (Fig. 6.5). However, some 
of these conelusions have been challenged by studies in modern 
environments revealing no correlation between decreasing oxy- 
gen and depth of bioturbation and burrow size in the Arabian 
Sea (Smith et al., 2000), and documenting intense bioturbation 
by symbiont-bearing oligoehaetes in a nearly anoxic basin on 
the Peru margin (Levin et al., 2003). However, two important 
issues are critical to extrapolate information from modern stud- 
ies to assess the validity of trace-fossil models: the elusive macro- 
evolutionary component and the time-averaged constraint. It is 
clear that oxygen-controlled communities have changed through 
time (Martin, 2004; Mangano, 2011). The issue of whether mod- 
ern marine oligoehaetes record a recent invasion of an under- 
exploited niche deserves further exploration. Although posing 
a cautionary note on established ichnological models, its impli- 
cations for the geological record may be limited. Also, oxygen 
fiuctuations at the ecological timescale may not be reflected in 
the fossil record. Time-averaging is inherent to trace fossils and 
may represent a complication because short-term redox cycles or 
events may not be revealed (Savrda, 2007a). 

In addition, it has been suggested that in some cases, it is diffi- 
cult to discriminate between oxygen and substrate eontrols, par- 
ticularly in the case of a very low diversity of trace fossils, whieh 
may reflect either dysaerobie conditions or soupy substrates 
(Wignall, 1993; Savrda, 2007a). Careful analysis of trace-fossil 
morphological details is the key in this case (see Section 6. 1 .2). 

Ekdale and Mason (1988) proposed a general model that 
attempts to link eertain ethological categories with oxygen con- 
tent. Although some objections were raised (e.g. Wheatcroft, 



6. 1 Response to environmental parameters 



105 



DYSAEROBIC I ANAEROBIC 



RDS 




AEROBIC 

- High ichnodiversity 

- Wide variabiiity of ethoiogies and trophic types 
(inciuding dweiiing structures of suspension 
feeders in sandy substrates) 

- Shaiiow and deep bioturbation (weii-deveioped 
tiering structure) 

- intense bioturbation 

- Large biogenic structures 



Moderate to iow ichnodiversity 
Dominance of grazing traces of deposit 
feeders (if interstitiai waters are oxygenated) 
or grazing traces of detritus feeders and 
chemosymbionts with a connection to the 
sediment surface (if interstitiai waters are 
anoxic) 

Shaiiow bioturbation (upward migration of 
deeper tiers and pooriy deveioped tiering 
structure) ^ 



- No bioturbation 



Figure 6.5 Relationship between trace fossils and oxygen content. Aerobic, dysaerobic, and anaerobic refer to oxygenation of bottom waters. 
Under aerobic conditions in both the interstitial and bottom waters, endobenthic communities tend to display complex tiering structures. Four tiers, 
shallow (I - Planolites or PI), mid (II - Thalassinoides or Th), deep (III - Zoophycos or Zo), and very deep (IV - Chondrites or C/i, Solemyatuha 
or So), are illustrated in the example. Burrows maintaining a connection with the oxygenated sediment surface are able to penetrate in anaerobic 
sediment below the redox discontinuity surface (RDS). No bioturbation develops under anaerobic bottom waters. 



1989; Martin, 2004), the model is useful for the study of ancient 
marine successions and modern sediments, particularly if other 
controlling factors are taken into consideration (Buatois and 
Mangano, 1992; Levin et al., 2003). According to this model, 
if both the bottom and interstitial waters are anoxic, no bio- 
turbation occurs and the sediment is typically dark and well 
laminated. If anoxic conditions exist in interstitial waters, but 
bottom waters are at least dysoxic, fodinichnia is the dominant 
ethology, essentially represented by permanent burrow systems 
that maintain a connection with the sediment-water interface 
allowing the circulation of the more oxygenated waters into the 
anoxic sediment. Ichnodiversity is typically low, and mono- 
specific associations are common. Zoophycos and Chondrites 
(Fig. 6.6a) (and, in some cases, Teichichnus and Trichichnus) are 
the classical components. If the interstitial waters are dysoxic 
and the bottom waters are either dysoxic or oxic, pascichnia 
becomes dominant. The assumption here is that grazing trails 
are temporary structures formed by infaunal deposit feeders. 
Because these organisms backfill their structures, no connection 
is maintained with the sea bottom, and the sediment cannot be 



totally anoxic. Although grazing trails are also produced at the 
sediment-water interface, and thereby they do not require oxy- 
gen within the sediment, their preservation in marine environ- 
ments is very low. Finally, under fully oxic conditions in both 
the bottom and interstitial waters, domichnia is the dominant 
ethological group. Permanent domiciles of suspension feeders, 
such as Skolithos, represent the typical structures. 

Savrda and Bottjer (1986, 1987, 1991) proposed a model 
that attempts to explain trace-fossil distribution in pelagic or 
hemipelagic sediments unaffected by sediment gravity flows. 
They characterized oxygen-related ichnocoenoses (ORI), which 
occur in stratal units that accumulate under similar condi- 
tions of oxygenation of bottom waters. Their method allows 
the construction of oxygenation curves for sedimentary suc- 
cessions. The general trend under decreasing oxygen content is 
a decrease in ichnodiversity, burrow diameter, and burrowing 
depth. Accordingly, structures that occupy deep tiers in oxygen- 
ated sediments tend to move upwards as a result of the upward 
migration of the redox discontinuity under oxygen-depleted 
conditions. Under extreme dysoxic conditions monospecific 
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Figure 6.6 Typical ichnotaxa of oxygen-depleted conditions, (a) 
Chondrites isp. Upper Carboniferous, near Eudora town, Eudora 
Shale, eastern Kansas, United States, (b) Solemyatuba ypsilon 
showing lower extension tube (arrow). Upper Triassic, Rhaetian 
Sandstone, Olgahain, southern Germany. See Seilacher (1990a). 
(c) Cross-section view of Protovirgularia obliterata (arrow) at the 
base of a turbidite. Vefovice Beds, Lower Cretaceous, Zagornik, 
Outer Carpathians, Poland. See Uchman (2004b). All scale bars 
are 1 cm. 



suites of deep-tier traces in shallow-tier positions occur, with 
Chondrites being the typical ichnotaxon (see also Bromley and 
Ekdale, 1984b). Under totally anoxic conditions, no bioturb- 
ation occurs. These ideas have been applied to the study of a 
large number of pelagic successions (e.g. Savrda and Bottjer, 
1989, 1994; Savrda eta/., 1991; Savrda and Ozalas, 1993;Ozalas 
et al., 1994; Locklair and Savrda, 1998a, b; Savrda, 1998; Oloriz 
and Rodriguez-Tovar, 2002; Martin, 2004). 

Leszczynski (1991a) proposed a model to examine the links 
between oxygen conditions and trace-fossil distribution in tur- 
bidite successions. He distinguished five ichnocoenoses reflect- 
ing progressive oxygenation of the deep sea that are revealed by 
trace fossils preserved at the base of thin-bedded turbidites. Some 
of the trends under increasing oxygen content are an increase 
in ichnodiversity and size of the trace fossils. Graphoglyptids 
(agrichnia) reach their climax in relatively well-oxygenated set- 
tings, while turbidites formed under poorly oxygenated condi- 
tions display undifferentiated biogenic structures. Subsequent 
studies, however, suggest that food supply and sedimentation 
rate may have also played a role in trace-fossil distribution in 
this case (Wetzel and Uchman, 1998a). 

The model developed by Wignall (1991), based on a single 
case study (the Jurassic Kimmeridge Clay of England), does not 
agree with some tenets of the more general models. For example. 
Chondrites does not correspond to his dysoxic end member, being 
replaced by the supposed Pascichnion Astacimorphichnus etchesi. 
However, this ichnotaxon is only known from this unit and its 
overall morphology does not agree with a grazing trace ethology. 

In addition to Chondrites (Fig. 6.6a), other ichnotaxa have 
been suggested to reflect particular adaptations to oxygen-de- 
pleted settings. Some of these are produced by chemosymbiotic 
bivalves (Seilacher, 1990a). The U-shaped burrow Solemyatuba 
(Fig. 6.6b) has been regarded as the dwelling structure of relatives 
of the modern bivalve Solemya, which endosymbiotically farms 
bacteria in its gills (Seilacher, 1990a). Deep-tier occurrences of 
Protovirgularia (Fig. 6.6c) have been also attributed to the work of 
chemosymbiotic bivalves in anoxic sediment (Uchman, 2004b). 

While previous models attempt to explain behavioral adap- 
tations to oxygen deficiency, there are cases of animals living 
in nearshore well-oxygenated settings that are transported 
basinward into anoxic settings via sediment gravity flows or 
hyperpycnal flows. These are the so-called “doomed pioneers” 
of Follmi and Grimm (1990), and Grimm and Follmi (1994). 
Doomed pioneers construct burrows in completely anoxic sedi- 
ments, but do not persist in such settings, dying from suffoca- 
tion (Fig. 6.7a-d). Decapod crustaceans, having skeletonized 
resistant body parts, are typical doomed pioneers. Commonly, 
sandy substrates with Thalassinoides or Gyrolithes intercalate 
with totally anoxic mudstone reflecting short-term burrowing 
events. The ability of crustaceans to survive for short periods 
under anoxic conditions has been inferred from the presence 
of “dying” trackways (mortichnia) associated with their body 
fossils in the Jurassic Solenhofen Limestone of Germany (e.g. 
Janicke, 1969; Viohl, 1990; Barthel et al., 1990). The same situ- 
ation has been proposed for Cretaceous lacustrine limestones of 
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Colonization of well-oxygenated 
coastal environments 




Transport to deeper 
anoxic environments 



Colonization of newly emplaced 
sandy substrate and undertying 
arwxic sediments 



Sudden death of organisms 
due to artoxia 




Figure 6.7 Doomed pioneers model (based on Follmi and Grimm, 1990, and Grimm and Follmi, 1994). (a) A benthic community in established in 
well-oxygenated nearshore environments, (b) Sediment gravity flows or hyperpycnal flows transport these nearshore components to deeper-water 
anoxic environment, (c) These anoxic sediments are colonized by the doomed pioneers and Thalassinoides (Th) burrows are emplaced, (d) The 
organisms die rapidly due to anoxia. 



Spain that contain deep-water anoxic sediments with the crust- 
acean trackway Hamipes (Gibert et ah, 2000). 

6.1.4 SALINITY 

The importance of salinity as a limiting factor in coastal areas 
has been emphasized in different studies (e.g. Howard and Frey, 
1975; Howard et al., 1975; Wightman et al., 1987; Pemberton and 
Wightman, 1992; Rindsberg, 1992; MacEachern and Pemberton, 
1994; Buatois et al., 1997b, 2010a; Mangano and Buatois, 2004a; 
MacEachern and Gingras, 2007). In particular, it has been noted 
that while the distribution of physical sedimentary structures is 
mainly salinity-independent, the distribution of benthos is not 
and, accordingly, ichnology represents a powerful tool to recon- 
struct paleosalinity (Buatois et al, 1997b). Salinity levels are 
classified into limnetic (less than 0.5%o), oligohaline (0.5-5%o), 
mesohaline (5-1 8%o), polyhaline (18-30%o), and euryhaline 
(30-40%o) (Remane and Schlieper, 1971; Knox, 1986). Limnetic is 
equivalent to freshwater, while oligohaline, mesohaline, and pol- 
yhaline correspond to brackish water. Fully marine conditions 
fall within the euryhaline category with mean seawater salinity 
at approximately 35%o (McLusky, 1989). Bromley and Asgaard 
(1991) emphasized that behavioral convergence leads some ich- 
notaxa to occur on both sides of the salinity barrier, although 
this does not imply the identity of the producers. The classic 
example is that of Cruziana and Rusophycus, which are com- 
monly produced by trilobites in marine environments (Seilacher, 
1970, 1985) and by branchiopods or notostracans in freshwater 
(Bromley and Asgaard, 1972b; Pollard, 1985). In any case and 
regardless of behavioral convergence, salinity is of paramount 
importance in trace-fossil distribution (Fig. 6.8). 

Ichnofaunas developed under normal-marine salinity condi- 
tions in nearshore to offshore zones are characterized by: (1) 
high ichnodiversity; (2) marine ichnotaxa produced by both 
euryhaline and stenohaline organisms; (3) onshore-offshore 
trends displayed by the Skolithos and Cruziana ichnofacies; (4) 
presence of both infaunal and epifaunal traces; (5) presence of 
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Figure 6.8 Relationship between trace-fossil associations, ichnodiver- 
sity, and salinity Modified from Buatois et al. (1997b), and Mangano 
and Buatois (2004a). 

simple and complex structures produced by presumed trophic 
generalists and specialists, respectively; (6) presence of multi- 
specific associations, which become more common towards dis- 
tal settings; (7) high density; and (8) wide size ranges (Mangano 
and Buatois, 2004a). These ichnofaunas reflect the activity of 
benthic organisms that inhabited shallow-marine areas domi- 
nated by euryhaline conditions. These benthic faunas experi- 
ence less salinity stress than those developed in brackish-water 
ecosystems, characterized by steep salinity gradients. Fully 
marine deposits are typically extensively bioturbated, and 
contain a wide range of ethological categories and ichnotaxa. 
Ichnodiversity commonly reaches a maximum peak under eury- 
haline conditions (Buatois et ah, 1997b). Although it is difficult 
to pinpoint ichnotaxa exclusive of fully marine conditions in 
shallow-marine areas, Chondrites, Phycosiphon, Scolicia, and 
Zoophycos are common indicators. 
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A large number of studies have focused on the diagnostic 
features of brackish-water benthic faunas. Valuable informa- 
tion has been obtained from studies of marine benthic ecology 
in modern estuaries and bays (e.g. Remane and Schlieper, 1971; 
Croghan, 1983; McLusky, 1989; Hudson, 1990), and ichnologi- 
cal studies of marginal-marine eeosystems as well (e.g. Howard 
and Frey, 1975; Howard et al., 1975; Rindsberg, 1992; Gingras 
et al., 1999b). This ecological and neoichnological informa- 
tion has been subsequently integrated with data from the fos- 
sil record, initially from the Mesozoic of the Canadian region 
of the Western Interior Seaway (e.g. Wightman et ah, 1987; 
Pemberton and Wightman, 1992; MaeEachern and Pemberton, 
1994, 1997; MaeEachern and Gingras, 2007), resulting in the 
so-called “brackish-water model”. 

Very few animals have the physiological adaptations necessary to 
survive in brackish water (Croghan, 1983). This reflects the harsh 
conditions of brackish-water ecosystems that result from fluctu- 
ating environmental parameters, mostly salinity but also tempera- 
ture, oxygen, and water turbidity. In modem estuaries, salinity 
fluctuations from 30%o to 10%o in one hour have been documented 
(Ferguson et al, 1981). Therefore, brackish-water faunas are less 
diverse than their marine and freshwater equivalents (e.g. Croghan, 
1983; McLusky, 1989; Hudson, 1990; Pickerill and Brenchley, 
1991). As a result, the abundance and particularly the diversity 
of biogenic structures in brackish-water settings are very low, 
reaching a minimum under mesohaUne to oligohaline conditions 
(Pemberton and Wightman, 1992; MaeEachern and Pemberton, 
1994; Buatois et al., 1997b; Mangano and Buatois, 2004a). 

Some marine organisms referred to as euryhaline are usually 
capable of colonizing brackish-water environments, as they are 
highly tolerant to changes in salinity. In contrast, continental 
organisms living in freshwater are not physiologically fit to sur- 
vive in a brackish ecosystem. Diversity of freshwater animals 
tends to decline rapidly, even with slight increases in salinity, 
whereas marine organisms experience a more gradual decrease 
in number under dilution of normal-marine salinity (Pemberton 
and Wightman, 1992; Buatois et al, 1997b; Mangano and 
Buatois, 2004a). As a result, the ichnofauna from estuarine 
environments is represented by an association of biogenic struc- 
tures produced by an impoverished marine fauna rather than 
from a combination of fully marine and freshwater forms. This 
is reflected by ichnofacies distribution, with brackish-water eco- 
systems characterized by a mixed of depauperate Skolithos and 
Cruziana ichnofacies (Wightman et al, 1987; Pemberton and 
Wightman, 1992; MaeEachern and Pemberton, 1994). 

Burrowing is a key strategy intended to minimize salinity 
variations as salinity fluctuations are considerably lower a few 
centimeters into the substrate than at the water-sediment inter- 
face because the presence of impermeable fine sediment slows 
down the exchange of pore water (Sanders et al, 1965; Johnson, 
1967; Rhoads, 1975). Thus, brackish-water associations tend to 
be dominated by structures of infaunal organisms rather than 
surface epifaunal trails. 

Organisms able to foray into brackish-water settings are com- 
monly opportunistic (see Section 6.4). Accordingly, ichnofaunas 



from brackish-water settings contain very simple forms produced 
by nonspecialized r-selected animals, which are typically adapted 
to environments of high physiological stress (Miller and Johnson, 
1981; Ekdale, 1985; Pemberton and Wightman, 1992; Beynon 
and Pemberton, 1992). In terms of trophic types, euryhaline ani- 
mals are either omnivorous or trophic generalists (Wolff, 1973). 

It has been noted that reduced size is one of the most notable 
features of brackish-water associations (Hakes 1976, 1985). 
Although Taylor et al. (2003) have expressed doubts on the con- 
nection between size reduction and brackish water, this link is 
in agreement with studies of marine benthic ecology and obser- 
vations from the ichnological record, which have documented 
reduced size in brackish-water faunas, particularly ophiuroids, 
bivalves, and some worms (Remane and Schlieper, 1971; 
Spaargaren, 1979, 1995; Mangano et al, 1999; Gingras et al, 
1999b; Mangano and Buatois, 2004a). However, Gingras et al. 
(1999b) noted that crustaceans do not display size reduction 
in brackish-water environments. It has further been postulated 
that size reduction in response to salinity occurs either as a mor- 
phological adaptation or as a result of population dynamics 
(Gingras et al, 1999b). In the first case, decreasing size allows 
the organism to increase its surface area to mass ratio to control 
osmotic transfer. In the second case, large populations of small 
forms that attain full growth result in the same biomass. 

In short, brackish-water trace-fossil associations are character- 
ized by : ( 1 ) low ichnodiversity; (2) forms typically found in marine 
environments; (3) mixture of vertical and horizontal trace fossils 
from the Skolithos and Cruziana ichnofacies; (4) dominance of 
infaunal traces rather than epifaunal trails; (5) simple structures 
produced by trophic generalists; (6) variable abundance; (7) pres- 
ence of monospecific associations; and (8) small size (Wightman 
et al, 1987; Pemberton and Wightman, 1992; MaeEachern and 
Pemberton, 1 994; Mangano and Buatois, 2004a). Typical compo- 
nents of brackish-water environments are Teichichnus (Fig. 6.9) 
(Buatois et al, 2005) and the spiral burrow Gyrolithes 
(Wetzel et al, 2010), together with Skolithos, Diplocraterion, 
Palaeophycus, Protovirgularia, Lockeia, and Planolites. 

In contrast, freshwater ichnofaunas, such as those present at 
the fluvio-estuarine transition, are characterized by: (1) moderate 
to relatively high diversity; (2) forms typically present in contin- 
ental environments; (3) a mixture of trace fossils belonging to the 
Scoyenia and Merinia ichnofacies; (4) the dominance of surface 
trails and meniscate trace fossils; (5) temporary structures pro- 
duced by mobile detritus and deposit-feeding fauna; (6) moder- 
ate density of individual ichnotaxa; (7) presence of multispecific 
associations; and (8) small size (Buatois et al, 1997b; Mangano 
and Buatois, 2004a). The relatively high ichnodiversity records a 
secondary peak in diversity typically associated with the activity 
of freshwater, and terrestrial organisms along a salinity gradi- 
ent (Buatois et al, 1997b). The freshwater benthos inhabiting 
this zone does not have the special adaptations necessary to sur- 
vive in the brackish environment. While fully marine ichnofau- 
nas gradually decrease in diversity into braekish-water settings, 
freshwater ichnofaunas from fluvio-estuarine transitions do not 
intergrade with those from brackish water. Arthropods are the 
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Figure 6.9 Typical aspect of a brackish-water deposit as expressed in 
core. Bioturbation intensity and ichnodiversity is low. The trace-fossil 
association consists of Teichichnus (Te), small Planolites (PI), and 
Thalassinoides (Th). Synaeresis cracks (sc) and siderite bands (sb) are 
common. Lower Miocene, Oficina Formation, Oritupano Field, Eastern 
Venezuelan Basin. Core width is 7 cm. 

dominant tracemakers. Typical elements are trackways (e.g. 
Dendroidichnites, Diplichnites, Diplopodichnus, Kouphichnium, 
Stiallia, Stiaria) and resting traces (e.g. Tonganoxichnus), as well 
as grazing (e.g. Gordia, Helminthoidichnites, Helminthopsis) and 
feeding traces (e.g. Circulichnis, Treptichnus). Vertebrate trace 
fossils are represented by fish trails (Undichna) and tetrapod 
trackways (e.g. Serpentichnus), and illustrate the Serpentichnus 
ichnocoenosis of Hunt and Lucas (2006a, 2007). 



Suppressed erosion during rising tides allowed excellent pres- 
ervation of delicate surface structures (Archer et al., 1994). 
Additionally, the absence of pervasive borrowers in such set- 
tings (particularly in Paleozoic examples) improves the preserva- 
tion potential of surface traces because the activity by infaunal 
organisms would have lead to the destruction of the uppermost 
tiers (Bromley, 1990, 1996; Buatois et al., 1997b). 

Finally, stressful conditions linked to salinity are extreme 
under hypersaline conditions, such as those typical of sabkhas 
and saline lakes (e.g. Price and McCann, 1990). Ekdale et al. 
(1984) noted that hypersaline lakes and thermal pools generally 
have no benthic fauna and, therefore, no biogenic structures. 
However, Scott et al. (2007a) noted that hot springs pro- 
vide favorable sites for insects, mammals, birds, and reptiles. 
In saline lakes, freshwater inflow is higher around ephemeral 
streams, hot springs, and ground-water seepage, allowing a con- 
centration of animals that produce trackways, trails, and bur- 
rows. Ichnofaunas from restricted, hypersaline seas described 
from the fossil record are dominated by small, poorly special- 
ized trace fossils (Gibert and Ekdale, 1999). Typically marine 
hypersaline deposits are scarcely bioturbated and contain low- 
diversity trace-fossil associations (Jaglarz and Uchman, 2010). 

6.1.5 SEDIMENTATION RATE 

Ichnological evidence commonly reflects the complex inter- 
play between sedimentation rate, erosion, and biogenic activ- 
ity, therefore revealing information on depositional rhythms. 
Continuous and slow sedimentation usually allow for intense 
bioturbation and destruction of physical sedimentary struc- 
tures, particularly in the absence of any other stress factor 
(Howard, 1978; Howard and Reineck, 1981; Monaco, 1995). 
Application of this simple principle allows re-examination of 
Cretaceous-Tertiary deposits attributed to tsunami events that 
were in fact intensely bioturbated, suggesting slow rates of 
sedimentation rather than episodic deposition (Savrda, 1993; 
Ekdale and Stinnesbeck, 1998). Episodic deposits commonly 
contain burrows only in the top of layers, revealing post-event 
colonization (Howard, 1978; Frey and Goldring, 1992). Where 
storm deposits alternate with intensely bioturbated back- 
ground sedimentation units, these deposits are characterized 
by the so-called “Lam-Scram” pattern (see Section 7.1.5). 

Pollard et al. (1993) introduced the notion of the colonization 
window or time available for occupation of the substrate to under- 
stand burrowing in high-energy settings. Colonization of shifting 
sands, such as those forming subtidal bars, is impossible under 
high-energy conditions, but may occur during short periods of 
quiescence, revealing brief colonization windows. In contrast, 
under slow accretion (e.g. lower offshore) the colonization window 
is more or less continuously open. In fluvial successions, it is not 
unusual that the only trace fossils occur in fine-grained overbank 
and pond deposits interbedded within unbioturbated, stacked 
channel deposits, recording brief colonization windows (Buatois 
et al., 1997a) (see Section 10.2.2). In any case, in some settings 
brief periods of sedimentation breaks may be enough for benthic 
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Figure 6.10 Trace fossils and 
sedimentation rate, (a) Asteriacites lum- 
hricalis in tidal-flat deposits forming 
imbricated structures that document 
vertical movement though the sedi- 
ment (from lower left to upper right). 
Pennsylvanian, Rock Lake Shale, 
Stanton Formation, Western Missouri, 
United States. See Mangano et al. 
(1999). Scale bar is 1 cm. (b) Truncated 
Ophiomorpha in hummocky cross- 
stratified sandstone recording storms 
in offshore-transition deposits. Intense 
storm scouring truncated the top of 
the burrow. Upper Cretaceous, Desert 
Member, Blackhawk Formation, Book 
Cliffs, Utah, United States. Coin is 1 .4 
cm wide, (c) Stacked Rosselia socialis 
in lower-shoreface deposits, reflecting 
re-equilibration of burrows after storm 
deposition. Lower Cretaceous, Grand 
Rapids Formation, Alberta, Canada. 
Core is read from base at lower left 
to top at upper right. See Pemberton 
et al. (2001). Core width is 9 cm. 



organisms to graze on the substrate. Sedimentation rates of 3.8 
m/yr were estimated for Carboniferous tidal-flat deposits formed 
in a fluvio-estuarine transition (Lanier et al., 1993). However, clay 
drapes along bedding planes are covered by trackways and trails, 
reflecting arthropod ability to use available resources during short- 
term slack-water periods (Buatois et al., 1997b). 

Some ichnotaxa, particularly those regarded as equilibrium 
structures, are useful to detect changes in the balance between 
deposition and erosion. Goldring (1964) illustrated the upward 
and downward movements of Diplocraterion yoyo in response 
to aggradation and degradation of the substrate, respectively. 
Burrowing sea anemones slowly move upwards during gradual 
vertical accretion of the substrate, but move faster if sedimenta- 
tion is episodic (Schafer, 1962). Horizontal and vertical repetition 
is recorded by multiple impressions of the ophiuroid resting trace 
Asteriacites lumbricalis. These structures record slight horizon- 
tal relocation and the punctuated upward motion of the animal 
through the sediment, and most likely document an escape strat- 
egy (Seilacher, 1953b; Mangano et al., 1999) (Fig. 6. 10a). In high- 
energy nearshore settings, truncated specimens of Ophiomorpha 
indicate erosive events (Howard, 1978) (Fig. 6.10b). 

The ichnogenus Rosselia commonly reflects adjustments of 
the burrow as a response to sedimentation events (Nara, 1997, 
2002; Pemberton et al., 2001; Campbell etal., 2006). Nara (1995, 
1997) described Pleistocene funnel- and spindle-shaped speci- 
mens of Rosselia, attributed to terebellid polychaetes that are 
vertically stacked reflecting upward migration to avoid burial 
due to episodic sedimentation in a storm-dominated shallow- 
marine setting. Pemberton et al. (2001) illustrated up to seven 
Cretaceous stacked Rosselia reflecting burrow readjustments 
after storms in a lower shoreface (Fig. 6. 10c). Identically, Howell 



et al. (2007) documented seven stages of upward migration and 
readjustment in Rosselia throughout an approximately 1-m thick 
amalgamated sandstone unit, resulting from repeated storms in 
a delta-front environment. These findings provide a new source 
of data to estimate sedimentation rate and frequency of storms 
in wave-dominated shallow-marine environments. Campbell 
et al. (2006) analyzed Pleistocene specimens of Rosselia display- 
ing a simple morphology that were regarded as extreme-event 
end members. These specimens occur in mudstone and siltstone 
interpreted as oceanic-flood deposits from an adjacent river sys- 
tem, and record adaptation of terebellid polychaetes to allow 
them to thrive under conditions of very high sedimentation rates 
that caused the exclusion of any other benthic fauna. 

6.1.6 FOOD SUPPLY 

The type and amount of food supply ranks among the most 
important controlling factors in determining feeding strategy 
(Fig. 6.1) (see Section 3.1). Suspension feeders tend to be dom- 
inant in high-energy settings where organic particles are kept 
in suspension by waves or currents. In contrast, organic par- 
ticles accumulate in the sediment in tranquil waters and ani- 
mals tend to develop deposit- and detritus-feeding strategies. 
Food supply tends to vary in a predictable way along onshore- 
offshore trends, resulting in what has been termed the food 
resource paradigm by Pemberton et al. (2001). Another gradi- 
ent occurs within the sediment in relation to the vertical dis- 
tribution of organic matter (see Section 5.1). Organic matter 
is more abundant close to the sediment-water interface, which 
results in a peak of available food for detritus and deposit 
feeders occupying superficial to shallow tiers (Fig. 6.1 1). 
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Figure 6.11 Relationship between tier position, feeding strategies, and quantity of organic matter. Note that the highest amount of organic matter 
is near the sediment-water interface. In deep-marine environments burrows produced by chemosymbionts and farmers (i.e. graphoglyptids) occupy 
a very shallow tier. Modified from Mangano and Buatois (1999a). 

Under conditions of scarce food supply, animals developed 
sophisticated feeding strategies, including gardening and 
chemosymbiosis. This is the case of deep-marine environments, 
which are dominated by graphoglyptids and complex grazing 
trace fossils, typical of the Nereites ichnofacies (Seilacher, 

1977a; W. Miller, 1991a). Conversely, it has been argued that 
high frequency of sediment gravity flows supplying organic 
detritus to deep-marine ecosystems precludes the development 
of ichnofaunas dominated by agrichnia and ornate pascichnia 
(Buatois and Lopez Angriman, 1992b). 

The importance of food supply in deep-marine ichnofaunas has 
been emphasized by Wetzel and Uchman (1998a). These authors 
suggested that high amounts of food supply are indicated by: 

(1) dark-colored sediments, (2) complete bioturbation, (3) high 
density of shallow-tier trace fossils, (4) rarity or absence of 
graphoglyptids, and (5) deep tiers totally bioturbated by feed- 
ing traces that have a connection to the surface. Also, in set- 
tings with seasonal strongly fluctuating input of organic matter 
(e.g. under monsoonal regimes), a double nutritional strategy 
is adopted by some organisms, detritus feeding during bloom 
times and deposit feeding during non-bloom times (Wetzel, 

2008, 2010). During times of benthic food richness, oxygena- 
tion of interstitial water decreases and, as a result, organisms 
move upward. In areas of marked seasonality of organic matter 



input, biogenic structures tend to show pronounced upward and 
downward movements (Wetzel, 2010). On the other hand, pre- 
dominance of horizontal burrows without evidence of vertical 
displacement indicates a more constant input of organic mat- 
ter. Up-and-down movements of endobenthic organisms affect 
near-surface burrowers. Consequently, graphoglyptids tend to 
be absent in deep-sea regions affected by pronounced seasonal- 
ity of primary production (Wetzel, 2010). 

In lacustrine environments, grazing patterns are nonspecial- 
ized, as exemplified by the ichnogenus Mermia, which displays 
looping and a high level of self-overcrossing, recording the 
repeated passage of the tracemaker across the same portion 
of sediment. Such nonspecialized trophic strategies most likely 
reflect the abundance and accessibility of food in lacustrine 
systems (Buatois and Mangano, 1998). A similar situation has 
been recorded in modern tidal flats with grazing trails of the 
isopod Chirodotea coeca (Hauck et al., 2008). These authors 
documented an increase in trail tortuosity and self-overcross- 
ing parallel to an increase in food content. 

6.1.7 BATHYMETRY 

Originally, bathymetry was emphasized in earlier ichnologi- 
cal studies that attempted to establish links between trace-fossil 
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associations and depositional environments (e.g. Seilacher, 1967b). 
However, it soon became clear that ichnofacies and trace-fossil 
distribution reflect sets of environmental factors rather than sedi- 
mentary environments and specific bathymetric zones (see Section 
4.6). Exceptions to the standard bathymetric model are countless 
(e.g. Henbest, 1960; Crimes, 1977; Crimes et al., 1981; Pemberton 
and Frey, 1984b). As noted by Frey et al. (1990), bathymetry per 
se is only very rarely a governing factor. As a consequence, bathy- 
metric implications should be established with caution. In any 
case, the relative success of the ichnofacies model in bathymetric 
assessments is based on the fact that in some eases most direct 
controls (e.g. substrate type, food supply, energy) vary parallel to 
water depth (Fig. 6.1). A very general bathymetric trend is the 
dominance of dwelling structures in shallow water, the abun- 
dance of feeding, locomotion, and resting traces at intermediate 
depths and the dominance of farming and grazing traces in food- 
starved deep-water sediments (Ekdale, 1985). 

A different picture emerges from the study of mierobor- 
ings produced by microendolithic algae, bacteria, and fungi. 
Because many microborers are photosynthetic, they refleet 
adaptations to different light intensities and wave frequencies 
and, therefore, display a direct relationship with water depth 
(Glaub, 1994, 2004; Vogel et al., 1995, 1999, 2000; Glaub et al., 
2001, 2002, 2007; Perry and MacDonald, 2002; Vogel and 
Marincovich, 2004; Glaub and Vogel, 2004). Mieroborings can 
be used to differentiate euphotic, dysphotic, and aphotic zones, 
and index ichnocoenoses have been defined (Glaub, 1994; 
Glaub et al., 2001, 2002) (Fig. 6.12). Although this scheme 
was originally based on bathymetric studies in modern envi- 
ronments and Mesozoic-Cenozoic suecessions, further stud- 
ies demonstrated that it is applicable in the Paleozoic (Glaub 



and Vogel, 2004). The lower limit of the euphotic zone is 
located where thesurfacelightisreducedtoapproximatelyl%. This 
zone includes the supratidal, intertidal, and the well-illuminated 
subtidal (Liebau, 1984). The euphotic zone is essentially 
dominated by photoautotrophic endoliths, such as cyanobac- 
teria, green algae, and red algae. 

Analysis of microbioerosion allows us in turn to subdivide the 
euphotic zone into four subzones, three for the shallow euphotic 
region and one for the deep euphotic region (Glaub et al., 2001, 
2002; Glaub, 2004). Shallow euphotic subzone I is more or less 
equivalent to the supratidal zone, and is dominated by micro- 
borings of cyanobacteria that protect themselves from sunburn 
damage by sheath pigmentation. No index ichnocoenose has 
been defined from this zone because no ancient counterparts are 
known. Shallow euphotic subzone II is coincident with the inter- 
tidal zone, and is dominated by cyanobacterial microborings 
oriented perpendicular to the substrate. The index ichnocoenose 
of this subzone is the Fasciculus acinosusl Fasciculus dactylus ieh- 
nocoenose. The changing level in hydrodynamie energy is also 
a significant controlling factor in the intertidal zone. Shallow 
euphotic subzone III includes the well-illuminated portion of 
the subtidal area, and is dominated by microborings of cyano- 
bacteria, red algae, and green algae that commonly display per- 
pendicular orientations but may include parallel components, 
particularly with increasing water depth. The index ichnocoenose 
of this subzone is the Fasciculus dactylusl Palaeoconchocelis star- 
machii ichnocoenose. The deep euphotic subzone represents the 
less illuminated region of the euphotic zone, and is dominated 
by red and green algal microborings that are oriented parallel 
to the substrate. The index ichnocoenose of this subzone is the 
Palaeoconchocelis starmachiH Reticulina elegans iehnocoenose. 
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Figure 6.12 Bathymetric zonation based on microborings. HT = High tide. LT = Low tide. Vertical scale greatly exaggerated. Modified from Glaub (2004). 
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The dysphotic zone extends from the 1% level to approxi- 
mately 0.01% or 0.001% of surface light. This zone is dominated 
by chemoheterotrophic endoliths, mostly fungi. However, two 
traces of photoautotrophs (Scolecia filosa and Reticulina ele- 
gans) are present because their producers can cope with less 
than 1% of surface light. No index ichnocoenose has been 
defined from this zone. The aphotic zone is characterized by 
the lack of light and, therefore, includes heterotrophs only. 
The index ichnocoenose of this zone is the Saccomorplia 
clavata/Orthogonum lineare ichnocoenose. 

The bathymetric distribution of macroborings is less well 
understood. Bromley and D’ Alessandro (1990) analyzed the 
distribution of borings in shallow- and deep-marine coral mate- 
rials from the Pliocene to the Recent in the Mediterranean Sea. 
They noted that ichnodiversity is higher in shallow water than 
in deep water. The sponge boring Entobia was dominant in both 
shallow- and deep-water materials, but the latter are typified by 
less distinctive forms and greater morphological variability. This 
may result from areally restricted substrates that lead to con- 
strained development of the boring system with more mature 
chambers crowded into the corners of the substrate. While the 
abundance of other borings decreases in deep water, that of 
sponge borings increases dramatically, with coral substrates 
locally reduced to a filigree. However, the underlying control in 
degree of bioerosion is certainly not depth per se, but low rates 
of sedimentation in deep-sea settings. 

Comparative analysis of shallow- to deep-water macrobioero- 
sion in the Pleistocene carbonates of Rhodes also indicates higher 
ichnodiversity in shallow-marine settings (Titschack et al. , 2005). 
The shallowest-water facies is dominated by the bivalve boring 
Gastrochaenolites torpedo and the sponge boring Entobia gonio- 
ides. With increasing water depth, Gastrochaenolites disappears 
and the association is dominated by several ichnospecies of 
Entobia. The deepest-water ichnofabrics are dominated by the 
simple borings of polychaetes (Trypanites). However, relatively 
diverse macroboring associations were documented in the deep- 
water coral Lophelia in the Pleistocene of Rhodes (Bromley, 
2005). Rasping traces that are dominant in shallow-water cor- 
als, such as Radulichnus (produced by mollusks) or Gnathichnus 
pentax (produced by regular echinoids), are patchily distributed 
or absent, supporting an aphotic environment for the Lophelia 
bioerosion association. Associated microborings belong to the 
Saccomorpha clavatal Orthogonum lineare ichnocoenose, further 
supporting aphotic settings. 

6.1.8 WATER TURBIDITY 

The role of water turbidity is beginning to be recognized as an 
important controlling factor for benthic faunas (e.g. Gingras 
et al., 1998; MacEachern et al., 2005). In coastal areas affected 
by fluvial discharge, buoyant mud plumes extend in a seaward 
direction particularly under hypopycnal conditions (Bates, 
1953; Wright, 1977; Kineke et al., 1996). Because high sus- 
pended loads of fine-grained material close to the sediment- 
water interface clog the filter-feeding apparatus of suspension 



feeders, this trophic type tends to be inhibited under such 
conditions (Perkins, 1974). As a result, there is an impover- 
ishment or direct suppression of the Skolithos ichnofacies, 
and associations are dominated by deposit-feeding traces 
(Gingras et al., 1998; MacEachern et al., 2005; Buatois et al., 
2008). However, primary production can be severely affected 
in settings characterized by high water turbidity, resulting in a 
general impoverishment of both suspension and deposit feed- 
ers (Leithold and Dean, 1998). Therefore, on occasions, water 
turbidity may be conducive to an overall reduction in ichnodi- 
versity and burrow density (MacEachern et al., 2005). 

Estuaries are commonly turbid due to the amounts of silt and 
clay in the water, particularly in the low-energy estuary basin 
(Vernberg, 1983). Turbidity at the sediment surface typically 
excludes suspension feeders, which are sensitive to clogging 
(Rhoads and Young, 1970). Estuary-basin deposits, therefore, 
tend to be dominated by trace fossils of deposit feeders (Buatois 
et ah, 2002b). In particular, turbidity may be extreme in tide- 
dominated estuaries, with nonbioturbated mudstone typically 
characterizing the turbidity-maximum zone (Bechtel et al., 
1994; MacEachern and Gingras, 2007; Lettley et al., 2007b). 

Water turbidity also plays an important control in microbor- 
ing distribution (Perry and MacDonald, 2002). The depth-re- 
lated microboring zonation (see Section 6.1.7) may display some 
departure from the typical model depending on water turbidity. 
These authors noted that in turbid waters the euphotic zone 
is extremely compressed, and elements of the dysphotic zone 
(mostly fungi microborings) may occur at only 30 m depth. 

6.1.9 CLIMATE 

The application of ichnology in paleoclimatology is still in its 
infancy. The first studies were conducted in paleosols, using 
insect trace fossils (e.g. Genise and Bown, 1994a; Genise et al., 
2000). These authors noted that insects are extremely sensitive to 
local ecological constraints, and emphasized the importance of 
microclimate as an environmental limiting factor. Microclimate 
includes different aspects, such as temperature, radiation, humid- 
ity, and wind speed near the ground (Unwin and Corbet, 1991). 
In turn microclimate depends on local vegetation, and these two 
factors are ultimately controlled by climate. Therefore, insect 
trace fossils are powerful indicators of climate conditions at the 
time of nest formation. In fact, archetypal and potential paleo- 
sol ichnofacies are indicators of paleoclimatic conditions rather 
than depositional environments (Genise et al., 2000, 2010a). In 
particular, insect nests (calichnia) contain larvae that are provi- 
sioned with organic matter by the adults; both larvae and provi- 
sions are sensitive to microclimatic conditions, such as moisture 
and soil temperature (Michener, 1979; Grasse, 1984; Genise, 
1999; Genise et al., 2004b). Excessive moisture inside cells results 
in the decay of provisions, while insufficient moisture results in 
the dehydration of larvae (Genise et al., 2000). More recently, 
Hasiotis et al. (2007) addressed the relationship between tiering 
and availability of water, suggesting that tiers become progres- 
sively shallower as a response to increasing humidity. 
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A close relationship exists between Scarabaeinae dung bee- 
tles (producers of Coprinisphaera, Fontanai, and Monesichnus) 
and herbaceous communities, beeause these beetles provision 
their nests with excrement of vertebrate herbivores (Halffter 
and Edmonds, 1982; Genise et ah, 2000). The nests of most 
solitary bees (e.g. Celliforma, Palmiraichnus) are produced on 
bare, well-drained, light soil exposed to sun rather than humid 
tropical areas (Batra, 1984; Michener, 1979; Genise and Bown, 
1994a). Clustered bee cells, such as Corimbatichnus, Uruguay, 
and Palmiraichnus, most likely display similar preferences 
(Genise and Verde, 2000). This distribution is related to the fact 
that the larval food is commonly exposed to fungal attack or 
hygroscopic liquefaction in humid environments (Michener, 
1979; Roubik, 1989; Genise et al., 2000, 2004b). Bee nesting 
in poorly drained soils is, therefore, very rare (e.g. Roubik and 
Michener, 1980). Ants (producers of Attaicimus) also favor 
bare soil, although they may move eggs and larvae from one 
site to another to avoid submersion during flooding (Holldobler 
and Wilson, 1990; Genise et al., 2004b). Ecological preferences 
of dung beetles, bees, and, to a lesser extent, ants explain the 
association of the Coprinisphaera ichnofacies with herbaceous 
communities that range from dry and cold to relatively humid 
and warm climates. The climatic affinities of coleopteran pupal 
chambers (e.g. Teisseirei, Rebuffoichnus, Fictovichnus) are less 
well understood, although they tend to be associated with bee 
nests (e.g. Genise et al., 2002). 

In contrast, termite nests (e.g. Termitichnus, Vondrichnus, 
Fleaglellius, Tacuruichnus) tend to be more abundant in more 
humid environments, including waterlogged soils (Grasse, 1984). 
Paleosols dominated by termite nests commonly developed 
under higher-moisture conditions and more frequent flood- 
ing events than those dominated by dung beetle and bee nests 
(Genise and Bown, 1994b; Genise et al., 2000, 2004b). Genise 
(1997) used the presence of Tacuruichnus (a nest very similar to 
that of the extant species Cornitermes cumulans) to infer warm 
and wet conditions in Pliocene deposits. In some cases, termite 
nests may be associated with dung beetle nests (e.g. Sands, 1987). 
However, these termite nests are assigned to the Macrotermitinae, 
whose distribution ranges from tropical rain forest to semiarid 
steppes. In the Miocene Pinturas and Santa Cruz formations of 
Patagonia, the lower paleosols contain abundant termite nests 
{Syntermesichnus), while the upper ones display bee and dung 
beetle nests (Celliforma, Palmiraichnus, and Coprinisphaera), 
reflecting increasingly arid conditions and deforestation after 
ash fall events (Bown and Laza, 1990; Genise and Bown, 1994a). 
Climatic fluctuations characterized by the presence of rela- 
tively wet periods within more permanent semiarid conditions 
have been inferred from the presence of bee nests and coleop- 
teran pupal nests in Quaternary paleosols of the Canary Islands 
(Alonso-Zarza and Silva, 2002; Genise and Edwards, 2003). 

Tidal-flat environments commonly exhibit rapid changes in 
temperature related to periodic subaerial exposure that have 
strong impact on animal-sediment interactions (Mangano 
et al., 2002a). In addition, tidal-flat faunas experience import- 
ant latitudinal changes in connection to temperature gradients 



(e.g. Green and Hobson, 1970; Yeo and Risk, 1981; Aitken 
et ah, 1988). Upper-intertidal zones in tropical settings are char- 
acterized by very high temperatures, long durations of subaerial 
exposure, and abnormal salinities, representing an extremely 
inhospitable habitat for marine organisms. As a result, the high- 
est density of biogenic structures in tropical tidal flats is in the 
lower intertidal zone (Terwindt, 1988). In particular, arid cli- 
mates cause more extreme upper-intertidal conditions and cor- 
respondingly impoverished communities than humid climates. 
In general, benthic organisms tend to be less specialized in their 
diet, often being trophic generalists. On the other hand, high- 
latitude tidal flats commonly exhibit dense concentrations of 
biogenic structures in the upper-intertidal zone (e.g. Yeo and 
Risk, 1981). As documented by Reise (1985), bathymetric dis- 
placement of certain species along latitudinal gradients is com- 
mon. For example. Green and Hobson (1970) noted that the 
bivalve Gemma gemma lives in intertidal areas in northern 
North America and in subtidal areas in the south to avoid high 
temperatures on tidal flats. Aitken et al. (1988) documented a 
dominance of vertical domiciles of bivalves and polychaetes in 
modern subarctie tidal flats. These authors compared subarc- 
tic and temperate tidal flats in terms of biogenic structures and 
noted that some species (e.g. Corophium volutator) are abun- 
dant in temperate tidal flats but are absent from subarctic inter- 
tidal areas. Tidal flats that are exposed to regular winter freeze 
eontain lower ichnodiversity than their warmer counterparts 
(Gingras et ah, 2006). As noted by Mangano et al. (2002a), 
application of modern observations to the stratigraphic record 
is complicated. However, these authors extensively documented 
a Carboniferous equatorial tidal-flat ichnofauna that displays 
the highest density and diversity of biogenic structures in lower- 
intertidal deposits elose to low tide. Therefore, they concluded 
that high temperatures and increased desiccation in the upper- 
intertidal zone were probably major limiting factors. 

The topic of climatic controls on shallow-marine ichnofaunas 
has been explored also by Goldring et al. (2004). These authors 
proposed the existence of three climatic zones: (1) tropieal and 
subtropical with Ophiomorpha, echinoid trace fossils as well as 
other ichnotaxa; (2) temperate with echinoid trace fossils and 
Thalassinoides; and (3) arctic with only molluscan and worm trace 
fossils. Partial support for this model comes from observations 
in modern environments by Gingras et al. (2006), although 
they extended the dominance of mollusk and worm burrows 
to the temperate zone. Burrowing bivalves and worms tend to 
occur in bare intertidal deposits of temperate to cold climates, 
while crabs mostly burrow in vegetated intertidal sediments of 
tropical to subtropical settings (Eisma, 1998). However, both 
Ophiomorpha and Scolicia are abundant in Miocene mid-lati- 
tude shallow-marine settings under temperate to cold climates, 
suggesting an anomaly in the proposed pattern (Buatois et al., 
2003; Carmona et al., 2008). 

In particular, the ichnogenus Macaronichnus tends to occupy 
cold to temperate zones (Gingras et al., 2006; Pemberton et al., 
2006). Interestingly, Macaronichnus has been recently docu- 
mented in Mioeene tropical foreshore deposits, but associated 
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Figure 6.13 Macaronichnus in tropical settings, but linked to upwelling conditions, Upper Miocene, Urumaco Formation, Urumaco, northwest 
Venezuela. See Quiroz et al. (2010). (a) Foreshore deposits with Macaronichnus segregatis (cross-section), (b) Close-up of specimens showing light 
colored sand fill that contrasts with the dark colored surrounding mantle (bedding-plane view). Scale bars are 4 cm. 



with upwelling conditions (Quiroz et al., 2010) (Fig. 6.13a-b). 
Preliminary data also suggest an increase in trace-fossil size 
towards high latitudes (Gingras et ah, 2006; Pemberton et al., 
2006). In addition, deep-infaunal borrowers tend to be more 
abundant in mid and high latitudes (Aberhan et al., 2006; Bush 
et al., 2007; Carmona et al., 2008). 

It has long been suggested that the evolution of deep-sea 
benthic biotas has been influenced by water temperature (Wolf, 
1960). Comparative analysis of trace-fossil diversity in the 
deep sea through the Phanerozoic (Seilacher, 1974; Uchman, 
2004a) seems to support this view (see Section 14.2.2). Uchman 
(2004a) noted that the lowest ichnodiversities tend to occur in 
times of cold deep-seawaters, such as the late Paleozoic and the 
Oligocene. The role of the Late Ordovician glaciation is still 
unclear, but some authors have suggested that there is an asso- 
ciated drop in ichnodiversity (McCann, 1990). 

A different dataset comes from carbonate ichnofaunas. Most 
ichnological studies on carbonates focus on tropical environ- 
ments, particularly in the Bahamas, Grand Cayman, and Florida 
(e.g. Pemberton and Jones, 1988; Curran and White, 1991, 2001; 
Curran, 1992, 1994, 2007). Terrestrial suites in tropical settings 
include relatively diverse insect ichnofaunas, mostly produced 
by sphecid wasps and halictid bees, and pervasive root traces 
as well (Curran and White, 2001; Curran, 2007). Intertidal and 
subtidal tropical carbonates are dominated by crustacean bur- 
rows, including Ophiomorpha (Curran, 1994, 2007). However, 
Ophiomotpha is apparently rare in temperate carbonates. Large 
specimens of Conichnus seem to be common in both tropical 
and temperate carbonates (e.g. Curran and White, 1997). 

Bioerosion also displays some specific patterns in response 
to climate and latitude (Johnson, 2006). While most stud- 
ies concentrate in tropical and subtropical environments (e.g. 
Bromley, 1978; Bromley and D’Alessandro, 1983; Bromley 
and Asgaard, 1993a, b; Vogel et al., 2000; Glaub et al., 2001; 
Perry and MacDonald, 2002), there is a growing dataset on 
cold-temperate and polar regions (e.g. Akpan, 1986; Akpan 
and Farrow, 1984; Glaub et al., 2002; Vogel and Marincovich, 



2004; Wisshak et al., 2005; Wisshak, 2006). Some studies (e.g. 
Glaub et al., 2002; Vogel and Marincovich, 2004) have pointed 
to overall similarities between microbioerosion in high and low 
latitudes, indicating a widespread applicability of schemes ori- 
ginally established for tropical and subtropical areas. However, 
some differences were noted by Wisshak et al. (2005) and 
Wisshak (2006) in their study of bioerosion along the Swedish 
coast. The index ichnotaxa of the euphotic zone were either rare 
or absent, and this zone was very compressed in comparison 
to low latitudes. In fact, the boundary between the euphotic 
and dysphotic zones occurs at only 15 m. Some ichnotaxa (e.g. 
Flagrichnus haiulus) have been suggested to occur only in non- 
tropical settings (Wisshak and Porter, 2006). 

6.1.10 WATER TABLE 

The position of the water table and the degree of substrate 
humidity is one of the most fundamental controls in trace- 
fossil formation and preservation in continental environments 
(Gierlowski-Kordesch, 1991; Hasiotis et al., 1993a; Hasiotis 
and Honey, 2000; Buatois and Mangano, 2002, 2004a; Genise 
et ah, 2004b). Sediment water content strongly infiuences the 
degree of substrate consolidation, which in turn controls trace- 
fossil morphology and preservation (Buatois and Mangano, 
2002, 2004a). In fact, the position of the water table is essential 
to understand distribution of the Mermia and Scoyenia ichno- 
facies. The Mermia ichnofacies is formed in subaqueous fresh- 
water environments and, therefore, characterizes a high water 
table that results in the formation of water bodies, such as lakes 
and ponds (see Section 4.4.2). In contrast, the Scoyenia ichno- 
facies is formed in transitional settings, such as lake-margin 
environments (see Section 4.4.1), and corresponds to areas of 
relatively low water table. This is particularly so in the case of 
the firmground suite of the Scoyenia ichnofacies, which is asso- 
ciated with subaerial desiccated substrates. Links between the 
architecture of crayfish burrows [Camborygma), and the position 
of the water table have been established (Hobbs, 1981; Hasiotis 
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Figure 6.14 Roots of a modern 
quiver tree in arid environment, 
Gannabos Farm, South Africa. 
Note horizontally extended root 
systems to follow the water table 
generated close to the sediment sur- 
face after sporadic torrential rain. 



and Mitchell, 1993; Hasiotis et al, 1993a, 1998; Hasiotis and 
Honey, 2000). Complex architectures with many branches and 
chambers are constructed by primary burrowers in areas with 
a high water table, while deep simple burrows are dominant in 
areas with a low and/or highly fluctuating water table. 

Genise et al. (2004b) reviewed the relationships between differ- 
ent insect nests and the position of the water table in paleosols. 
Bee and dung beetle nests are commonly associated with low 
water tables. Hasiotis et al. (1993b) explored the links between 
a fluctuating water table and the scarabeid nest Scaphichnium in 
hydromorphic paleosols developed in a distal floodplain. They 
noted that the appearance of Scaphichnium was coincident with 
a decrease in gray root traces and meniscate traces, suggesting 
that the nest was emplaced during periods of low water table. 
The significance of coleopteran pupal chambers is unclear, but 
they are definitely constructed in subaerial substrates above the 
water table (Genise et al., 2002). Ant and termite nests are con- 
structed in well-drained to seasonally flooded soils (Genise et al., 
2004b). In the case of seasonally flooded soils, termites use a 
series of devices, such as chimneys or special walls, which allow 
them to deal with a higher water table (Genise et al., 2004b). 
Finally, earthworm burrows (e.g. Edaphichnium, Castrichnus) 
commonly occur in moist substrates, such as gleyed paleosols 
(Genise et al., 2004b; Verde et al., 2007). 

Root traees are particularly useful to evaluate position of 
the water table (Sarjeant, 1975; Cohen, 1982; Bockelie, 1994; 
Kraus and Hasiotis, 2006). Roots tend to be shallow and hori- 
zontally extended in poorly drained soils with a high water table 
as a response to lack of aeration (Sarjeant, 1975; Cohen, 1982). 
These roots are typically filled with carbonaeeous material 



and branch at distinct intervals (Bockelie, 1994). Goethite 
rims commonly surround root traces formed in poorly drained 
paleosols; some rhizoliths are preserved as tubular bodies of 
Fe and Mn oxides and jarosite (Kraus and Hasiotis, 2006). In 
contrast, environments with a low water table are characterized 
by penetrative, deep root traces (Cohen, 1982; Bockelie, 1994). 
These well-drained paleosols are characterized by calcareous 
rhizocretions, or elongate gray mottles surrounded by hematite 
rims (Kraus and Hasiotis, 2006). In arid environments affected 
by sporadic torrential rains, root systems can be horizontally 
extended to follow the rapidly generated water table close to the 
sediment surface (Fig. 6.14) 

6.2 ROLE OF TAPHONOMY 



Parallel to the detailed analysis of the limiting ecological factors, 
the role of taphonomic aspects should be clarified. Information 
derived from benthic ecology cannot be directly translated into the 
fossil reeord without a careful evaluation of the fossilization bar- 
rier (Seilacher, 1967a; Bromley, 1990, 1996), a taphonomic filter 
that separates the plethora of biogenic structures produced from 
the few that are preserved in the fossil record (see Section 5.2.2). In 
addition, different diagenetic proeesses provide a final overprint 
that may enhance ichnofossil visibility (see Section 1.3.2). 

Savrda (2007b) noted that two factors are involved in trace- 
fossil taphonomy: completeness of the preserved record of bio- 
genic activity or ichnological fidelity, and degree of ichnofossil 
preservation or trace-fossil visibility. He noted that these two 
factors may be independent of one another. For example, some 
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ichnofabrics may have high fidelity, but some or all trace fossils 
may be difficult to discern, while other ichnofabrics may have 
low fidelity, but discrete ichnotaxa may be well expressed. 

The concept of fossil-lagerstatten has been used extensively 
for body fossils and refers to “any rock containing fossils that 
are sufficiently well preserved and/or abundant to warrant 
exploitation” (Seilacher et al, 1985). Some studies attempt 
to apply this concept to the ichnological record, stressing the 
importance of taphonomic aspects in the final shaping of 
ichnofaunas (Bromley and Asgaard, 1991; Savrda et al., 1993; 
Savrda and King, 1993; Savrda and Ozalas, 1993; Mangano 
and Buatois, 1995a; Fornos et al., 2002; Savrda, 2007b). This 
has resulted in the adaptation of the classification framework 
of body-fossil lagerstatten of Seilacher et al. (1985) to the ana- 
lysis of ichnofaunas (Mangano and Buatois, 1995a; Savrda, 
2007b). Seilacher et al. (1985) distinguished concentration and 
conservation deposits, and divided the latter into obrution and 
stagnation deposits, these being the categories that can be easily 
translated into ichnofossil-lagerstatten. 

Concentration lagerstatten are characterized by an abun- 
dance of fossils that results either from transport, commonly in 
connection with episodic processes, or from condensation due 
to sediment starvation. Both situations are detected in connec- 
tion with concentrations of wood fragments with Teredolites. 
Although transport is exceedingly rare in the case of trace fos- 
sils, secondary displacement is common with Teredolites logs, 
and concentration lagerstatten commonly occur in transgres- 
sive lags (Savrda et al., 1993) (see Box 12.1). In addition, dense 
occurrences of logs with Teredolites result from the combination 
of increased rate of wood introduction during transgression 
and concentration of logs that have drifted via sediment starva- 
tion, delineating maximum flooding surfaces (Savrda and King, 
1993; Savrda et ah, 2005). Other examples of condensation 
ichnofossil-lagerstatten occur in omission surfaces developed in 
carbonates. In hardgrounds, very low sedimentation rates and 
early cementation result in intensely bioeroded surfaces that 
record ecological succession and changes in the degree of sub- 
strate consolidation (Mangano and Buatois, 1995a). 

Conservation lagerstatten involve exceptional preservation. 
Obrution deposits result from the episodic smothering of the 
sea floor that strongly affects benthic biotas (Seilacher et al, 
1985). Obrution ichnofossil-lagerstatten are relatively common. 
The best example is represented by the delicate preservation of 
graphoglyptids as predepositional trace fossils on the base of 
thin-bedded turbidites (e.g. Seilacher, 1962; Uchman, 2007). In 
continental settings, a similar situation is represented by deli- 
cate superficial trails preserved in underflow-current lacustrine 
deposits (Buatois and Mangano, 1993a). 

Stagnation deposits are formed under anoxic conditions that 
favor delicate preservation of body fossils (Seilacher et al, 1985). 
Because anoxia prevents the establishment of macrobenthic 
organisms, the emplacement of biogenic structures is commonly 
restricted (see Section 6.1.3). However, meiofaunal subsuperfi- 
cial trails have been recorded in Cambrian conservat lagerstatten. 
Tiny micrometric to millimetric trails (e.g. Helminthoidichnites, 



Helminthopsis, Cochlichnus) are directly associated with soft- 
bodied organisms in the Burgess Shale (Mangano and Caron, 
2008 ; Caron et al, 20\0; Mangano, 2010), Sirius Basset (Williams 
et al, 1996), Chengjiang (Y. Zhang et al, 2006), and Kaili (X. 
Wang et al, 2009; Lin et al, 2010) biotas. Interestingly, non- 
mineralized carapaces of Tuzoia and other organisms serve as 
sites of preferential preservation of biogenic structures. Dying 
trackways (mortichnia) formed under anoxic conditions and 
associated with the body fossils of their producers have been 
documented in stagnation fossil lagerstatten of Jurassic litho- 
graphic limestone (see Section 6.1.3). 

An ichnofossil-lagerstatten analogous to stagnation deposits 
is represented by a pelletal mixed layer preserved as a result of 
a deoxygenation event (Savrda and Ozalas, 1993) (see Section 
5.2.2). Preservation of mixed-layer biogenic structures is com- 
monly inhibited by the interplay of physical and biological proc- 
esses, including bioturbation by deep-tier infaunal organisms, 
and low sediment-shear stress. In the case analyzed by Savrda 
and Ozalas (1993), deoxygenation led to the cessation of bio- 
turbation and, in the absence of physical and biogenic rework- 
ing, mixed-layer traces became part of the historical layer. 

Ideally, taphonomic overprints should be analyzed in the con- 
text of depositional settings. In an attempt to evaluate the inter- 
play between depositional and taphonomic processes in specific 
sedimentary environments, the concept of taphonomic pathways 
has been applied to ichnology (Buatois and Mangano, 2004a, 
2007; Desjardins et al, 2010a). Analysis of trace-fossil preser- 
vational styles in continental deposits suggests that ichnofaunas 
result from various taphonomic pathways that reflect depositional 
conditions (subaqueous versus subaerial) and time spans between 
flooding events (Buatois et al, 1997b, 2007a; Zhang et al, 1998; 
Buatois and Mangano, 2002, 2004a, 2007; Minter et al, 2007b). 
Additionally, taphonomic pathways help to explain the role of 
substrate and rapid environmental fluctuations as main control- 
ling factors in ichnofacies development and replacement (Buatois 
and Mangano, 2002, 2004a, 2007). In fluvial systems, a variety 
of taphonomic pathways results from channel abandonment, 
overbank deposition, and establishment of ponded areas that 
may desiccate or be filled by overbank vertical accretion with- 
out experiencing desiccation (see Section 10.2). In lakes, tapho- 
nomic pathways commonly reflect shoreline fluctuations, and 
associated changes in substrate consolidation (see Section 10.3). 
Ichnofaunas formed in subaerially exposed overbank and lake- 
margin deposits are commonly represented by palimpsest surfaces 
recording taphonomic pathways due to progressive desiccation. 
The concept of taphonomic pathways has been applied also to 
the study of subtidal sand-dune complex dynamics (Desjardins 
et al, 2010a) and storm-dominated shallow-marine (see Section 
7.1) and deep-marine (see Section 9.2.1) enviroments. 

6.3 ICHNODIVERSITY AND ICHNODISPARITY 



In trace-fossil studies, ichnodiversity simply refers to the num- 
ber of ichnotaxa present. Most studies use ichnodiversity at 
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ichnogenus rather than at ichnospecies level because trace-fossil 
taxonomy is more firmly established at the ichnogenus level. 
As noted by Ekdale (1985), by no means should one estab- 
lish equivalence between species diversity and ichnodiversity. 
Because ichnodiversity essentially refiects the different inter- 
actions of organisms and the substrate, it depends on factors 
that are different from those that determine species diversity 
or, in the case of paleontological studies, body-fossil diversity 
(Bromley, 1990, 1996). Also, while some of the taphonomic fil- 
ters that operate in trace-fossil preservation are shared by body 
fossils, trace-fossil taphonomy has its own peculiarities (see 
Sections 5.2.2 and 6.2). 

However, if used with eaution, ichnodiversity may provide 
some information on general trends in species richness along 
depositional environments and through geologieal time (Ekdale, 
1988; Buatois et ai, 1997b; Mangano and Buatois, 2004b). Low 
ichnodiversity may be associated with some stress factors (e.g. 
brackish water, oxygen depletion, high energy). In contrast, high 
ichnodiversity is commonly linked to stable and predictable 
environmental conditions. Some ichnofacies as a whole illus- 
trates this principle. While the poorly diverse Skolithos ichno- 
facies develops under unstable conditions (e.g. high energy, 
fiuctuating rates of deposition and erosion), the highly diverse 
Nereites ichnofacies corresponds to the more stable conditions 
of the deep sea. Accordingly, trends in ichnodiversity may fol- 
low the hypothesis put forward by Sanders (1968) for species 
diversity that states that high stability or predictability of the 
environment is conducive to high species diversity. However, 
low ichnodiversity may, in some cases, be a simple taphonomic 
artifact resulting from intense bioturbation of deep-tier organ- 
isms (see Section 5.2.2). 

In ecological and macroevolutionary studies, global diversity 
has been divided in three components: alpha, beta, and gamma 
(Whittaker, 1972; Sepkoski, 1988). Alpha diversity measures the 
richness of taxa at a single locality or in a particular commu- 
nity; beta diversity refers to taxonomic differentiation between 
sites or communities; and gamma diversity records the taxo- 
nomic differentiation between regions. Alpha and beta diversity 
reflect species differentiation of niche and habitat, respectively, 
while gamma diversity refiects provinciality (Whittaker, 1972; 
Sepkoski, 1988). Ichnological studies oriented towards mac- 
roevolution (see Chapter 14) deal mostly with global diversity, 
essentially changes in ichnodiversity during certain times of 
Earth history (e.g. Crimes, 1992, 1994; Orr, 2001; Mangano 
and Droser, 2004), or in certain ecosystems through geological 
time (e.g. Buatois et al., 1998c, 2005). However, the three com- 
ponents of global diversity are not commonly discriminated in 
ichnological studies and, as a result, the term ichnodiversity has 
been used in more than one sense. This is illustrated by stud- 
ies dealing with the colonization of deep-marine ecosystems 
(e.g. Orr, 1996). Seilacher (1974) recorded the ichnodiversity of 
individual deep-marine trace-fossil associations in a use analo- 
gous to that of alpha diversity (Sepkoski, 1988), while Crimes 
and Crossley (1991) recorded diversity as the total number of 



ichnotaxa for that same time interval (global ichnodiversity). In 
that case, alpha ichnodiversity provides information about the 
structure of individual deep-marine communities, while global 
ichnodiversity gives evidence of large-scale diversification pat- 
terns in the deep sea (Buatois et al., 2001). 

An analog to alpha diversity is the most commonly used in 
ichnological studies dealing with paleoenvironmental charac- 
terization, in which ichnodiversity is assessed for individual 
facies or environmental zones. In turn, changes in alpha ichno- 
diversity throughout a succession represented by different facies 
or at different localities are evaluated to detect environmental 
changes. Conversely, beta ichnodiversity is commonly over- 
looked although it may provide information about the degree 
of similarity between ichnofaunas formed along an environ- 
mental gradient. For example, beta ichnodiversity could be 
useful to assess the degree of differentiation between nearshore 
and offshore trace-fossil associations, commonly represented 
by the Skolithos and Cruziana ichnofacies. Application of the 
notion of gamma diversity to ichnological studies is less evident 
because few studies deal with paleobiogeographic implications 
(e.g. Seilacher, 1992a, 1994; Orr, 1996; Systra and Jensen, 2006). 
However, gamma iehnodiversity may provide information to 
deteet trace-fossil provincialism. 

While diversity reflects taxonomic richness, paleontologists 
have also introduced the concept of morphological diversity or 
disparity (Gould, 1989, 1991; Foote, 1997; Erwin, 2007). This 
eoncept refers to variability in anatomical design, and has been 
used in current debates on the evolutionary significance of 
Cambrian faunas (e.g. Gould, 1989, 1991; Briggs and Fortey, 
1989; Briggs et ai, 1992; Fortey et al, 1996). Gould (1991) 
stressed the need for developing quantitative techniques to 
define morphospaees and map their fillings as a way of assess- 
ing disparity, a task subsequently undertook in several studies 
(e.g. Hickman, 1993; Foote, 1993, 1997). 

The concept of disparity may be adapted by ichnology, 
albeit in a qualitative way. While ichnodiversity simply refers 
to ichnotaxonomic riehness, iehnodisparity provides a meas- 
ure of the variability of morphological plans in biogenic struc- 
tures (or trace-fossil bauplan sensu Bromley, 1990, 1996). The 
fact that ichnodiversity and iehnodisparity are not necessarily 
eoncordant can be illustrated with a series of examples. The 
Mermia ichnofacies is relatively diverse, but iehnodisparity is 
remarkably low. Very minor behavioral variants result in rela- 
tively high ichnodiversity, but the different iehnotaxa mostly 
belong to a few basic morphological plans represented by sim- 
ple grazing trails. On the other hand, the Cruziana ichnofacies 
is eharacterized by both high iehnodiversity and iehnodisparity 
because it is taxonomically rich and, at the same time, contains 
a wide variety of trace-fossil bauplans (e.g. branching feeding 
systems, galleries, spreiten burrows, concentrically laminated 
struetures, bilobate trails). A special situation is recorded by the 
Nereites ichnofacies. The iehnodisparity is relatively high and 
represented by different basic designs (e.g. networks, meander- 
ing systems, branching meandering systems, radial structures). 
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However, the most diagnostic feature of this ichnofacies is 
the remarkably high ichnodiversity, which results from small 
but multiple variations of these basic patterns (e.g. Seilacher, 
1977a). Future work on this topic will be essential to attain 
more refined definitions of ichnodisparity, if possible, including 
quantitative techniques. 

6.4 POPULATION STRATEGIES 



The subdivision between r- and K-selection was introduced by 
MacArthur and Wilson (1967) to explain two different types of 
natural selection. Subsequently Pianka (1970) explored the con- 
cept in further detail, and noted that both types represent, in fact, 
end members of an r-K continuum. In particular, r-selection 
characterizes colonization in an ecological vacuum under little 
competition, typically following an environmental disturbance. It 
favors rapid reproductive and growth rates, small body size, short 
lives, wide environmental range, generalized trophic habits, high 
density of individuals, and low diversity of species. K-selection 
characterizes stable, specialized populations at equilibrium that 
have developed due to keen competition. Organisms are slow to 
colonize a new habitat, but are adaptively superior in the long 
term. It favors slow reproductive and growth rates, larger body 
size, long lives, narrow environmental range, specialized trophic 
habits, low density of individuals, and high diversity of species. 

These concepts on population strategies have been success- 
fully adapted to ichnology by distinguishing r-selected ichnotaxa 
(opportunistic) and K-selected ichnotaxa (equilibrium) (Miller 
and Johnson, 1981; Ekdale, 1985, 1988). Bromley (1990, 1996) 
further discussed the application of these concepts in ichnology, 
and suggested replacing equilibrium by climax trace fossils to 
avoid confusion with the ethological category equilibrium traces 
or equilibrichnia. Opportunistic ichnofaunas commonly display 
low ichnodiversity, high density of trace fossils, simple morph- 
ologies that reflect poorly specialized feeding strategies, and pro- 
duction over a short period of time (Ekdale, 1985). Examples 
of opportunistic ichnofaunas include monospecific suites of 
Skolithos or Ophiomorpha in high-energy shorelines and post- 
event suites in tempestites and turbidites (see Section 6.5). 
Spirophyton has been suggested as an opportunistic ichnotaxa 
based on its profuse occurrence in Devonian marginal-marine 
environments (Miller and Johnson, 1981), while Fuersichnus 
may represent another example but in continental environments 
(Bromley, 1990, 1996). Other ichnotaxa seem to be more contro- 
versial. Chondrites and Zoophycos have been suggested as oppor- 
tunistic ichnotaxa by Ekdale (1985), but other authors tend to 
favor a climax strategy based on the fact that sophisticated feed- 
ing strategies seem to be involved (e.g. Bromley, 1990, 1996). 

Climax ichnofaunas commonly display high ichnodiver- 
sity, low density of trace fossils, complex morphologies that 
reflect sophisticated feeding strategies, and production over a 
long period of time commonly revealed by permanent struc- 
tures (Ekdale, 1985). Individual ethological categories in cli- 
max ichnofaunas are represented by numerous ichnotaxa. 



Graphoglyptids are a typical example of climax ichnofau- 
nas. These complex burrow systems flourish under the sta- 
ble conditions that characterize the deep sea. Graphoglyptid 
associations are commonly characterized by large diversity, 
both at ichnogeneric and ichnospecific level (Seilacher, 1977a; 
Uchman, 1995, 1998). Although graphoglyptids are shallow- 
tier structures, Bromley (1990, 1996) noted that most climax 
biogenic structures (e.g. Zoophycos) occupy deep tiers. 

Bromley (1990, 1996) noticed that subtle modifications in the 
environment could result in the two communities (opportunistic 
and climax) alternating in a stratigraphic succession. Fair-weather 
associations of the Cruziana ichnofacies that alternate with storm- 
related suites of the Skolithos ichnofacies represent a classic 
example of alternating climax and opportunistic ichnofaunas 
(Pemberton and Frey, 1984a; Pemberton et ah, 1992c; Pemberton 
and MacEachern, 1997) (see Section 7.1). Interestingly, the estab- 
lished link between population strategies and time spans involved 
in bioturbation is at odds with observation from modern shallow- 
marine environments (Gingras et al., 2008b). Measurement of 
burrowing rates in various suspension and deposit feeders indi- 
cates that intensely burrowed examples in the Skolithos ichnofacies 
require longer time spans than in the Cruziana ichnofacies! 

6.5 RESIDENT AND COLONIZATION ICHNOFAUNAS 



The topic of population strategies is directly linked to the notion 
of resident and colonization ichnofaunas. Recognition of these 
ichnofaunas is essential in any paleoecological analysis. Resident 
ichnofaunas record the activity of the indigenous benthic fauna, 
while colonization ichnofaunas reflect the activity of a pioneer 
community that becomes established after a major environmen- 
tal disturbance. In fully marine settings, resident ichnofaunas are 
commonly highly diverse and tend to be morphologically com- 
plex, reflecting the activity of climax communities. As such, they 
reflect depositional conditions associated with times of stable 
background sedimentation. In the case of environments affected 
by episodic sedimentation, resident ichnofaunas are commonly 
preserved as pre-depositional suites at the base of event sand- 
stones. This is typically illustrated by graphoglyptids on the soles 
of deep-marine turbidite sandstone (Seilacher, 1962; Leszczyhski 
and Seilacher, 1991). Although these structures are preserved as 
secondary casts in the turbidite layers, they reflect the activity of 
the organisms that inhabit the mudstone biotope during intertur- 
bidite times (see Section 9.2). Therefore, the Nereites ichnofacies, 
in particular, the Paleodictyon subfacies of Seilacher (1974), rep- 
resents the archetypal resident ichnofauna of the deep sea. In 
shallow-marine, wave-dominated environments resident ichno- 
faunas record the activity of fair-weather communities. Resident 
suites are preserved either at the base of storm deposits or in the 
intercalated, fair-weather finer-grained deposits (e.g. Mangano 
and Buatois, 201 1). The Cruziana ichnofacies typifies the activity 
of the indigenous biota in this setting. 

Colonization ichnofaunas are typically of low diversity and are 
morphologically simple, reflecting the activity of opportunistic 
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communities. They represent the work of a pioneer community 
that rapidly invades an ecosystem, and is able to thrive under 
unstable and stressful conditions. Because colonization ichno- 
faunas establish immediately after a rapid depositional episode, 
they are commonly preserved as post-depositional suites in event 
sandstone. The classic example is the bathymetrically displaced 
suites of the Skolithos iehnofacies (i.e. ArenicoKtes ichnofacies of 
Bromley and Asgaard, 1991). This ichnofacies occurs in deeper 
water than that of its archetypal position, colonizing offshore 
tempestites (Pemberton and Frey, 1984a; Frey, 1990) or deep-ma- 
rine turbidites (Leszczynski and Seilacher, 1991). Low-diversity 
suites of simple grazing trails may represent colonization ichno- 
faunas in lacustrine turbidites (Buatois and Mangano, 1995c). 



6.6 ECOSYSTEM ENGINEERING 



In the previous sections of this chapter, we have essentially 
adopted an adaptationist and externalist view of ichnology that 
is based on the assumption that an ichnofauna is shaped by 
environmental controls via their influence on the behavior of the 
tracemakers. However, some organisms modify, maintain, and 
create habitats, exerting profound changes in the ecosystems. 
The concept of ecosystem engineering (Jones et ah, 1994) helps 
to explain the aetive role that some organisms play in modifying 
their environment. This concept refers to the modification of the 
physical environment by the action of organisms that directly or 
indirectly modulate the availability of resources to other species 
(Jones et al., 1994; Coleman and Williams, 2002; Berkenbusch 
and Rowden, 2003; Wright and Jones, 2006). Empirical studies 
have demonstrated that the loss of key bioturbators is critical in 
ecosystem performance (e.g. primary productivity) and results 
in a decrease in biodiversity (Lohrer et al., 2004). The impact of 
burrowing organisms in ecosystem function has been empha- 
sized in studies framed within the perspective of biodiversity 
and ecosystem function (Solan et al., 2008, 2009). 

In particular, Jones et al. (1994) classified ecosystem engineers 
into two types: autogenic, or those who change the environment 
via their own physical structures (i.e. their living and dead tis- 
sues), and allogenic, or those who do so by transforming living 
or non-living materials from one physical state to another via 
mechanical or other means. For example, by constructing dams, 
beavers alter the hydrology of an alluvial plain and create water 
bodies, representing a typical example of allogenic engineers 
(Naiman et ah, 1988). It is this latter type that has implications 
in ichnology, because the process of bioturbation itself phys- 
ically modifies the environment in a significant way (e.g. Reise 
and Volkenborn, 2004; Wada et al., 2004; Dewitt et al., 2004). 
Although ichnology certainly has not emphasized this aspect of 
animal activity, the role of bioturbation in ecosystem engineer- 
ing has long been recognized. In fact, Darwin (1881) provided 
one of the earliest studies on the effects of bioturbation in his 
classic book on soil formation through earthworm activity. 

For example, infaunal burrowers influence the chemical prop- 
erties of the substrate by increasing oxygen circulation through 
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Figure 6.15 The polychaete Arenicola marina as an ecosystem engineer. 
Modified from Reise and Volkenborn (2004). 



the sediment, which in turn has a positive feedback on the bio- 
mass of organisms within the sediment, the rate of organic mat- 
ter decomposition, and the regeneration of nutrients, which is 
essential for primary productivity (Solan et al., 2004a, 2008). 
The depth and abruptness of the redox potential discontinuity 
depend on the amount of oxidizable organic matter within the 
sediment and oxygen flow. Subsurface deposit feeders extend 
the oxic layer of sediment from close to the surface down to 
their depth of feeding in modern environments (e.g. Rhoads 
and Germano, 1982; Reise, 1985). 

In addition, burrows may provide habitats for other organ- 
isms. Reise and Volkenborn (2004) analyzed the role of the 
polychaete Arenicola marina, which increases diversity on mod- 
ern sand flats by maintaining a complex burrow in which other 
animals live (Fig. 6.15). At the surface, feeding pits become 
water ponds during low tide and serve as refuges for swim- 
ming copepods, turbelarians, and juvenile shrimps. Amphipods 
exploit organic particles that are flushed into the interstitial 
system associated with the fecal mound, and turbelarians (e.g. 
ArchUoa) prey on small animals that have passed through the 
gut of A. marina and can be trapped in the fecal mound itself 
Within the coarse-grained sand that envelopes the burrow, sev- 
eral meiofaunal organisms are established, together with small 
capitellid polychaete, tubificid oligochaetes, nemertines, and 
amphipods. Up to 173 specimens of the amphipod Urothoe 
poseidonis were counted at a single burrow. Other inhabitants 
(e.g. copepods, nematodes) live between the bushy gills, the tail 
shaft, and the sediment enveloping the tail shaft of A. marina. 

Trace fossils may also provide evidence, albeit indirect, of 
amensalism (one species is unaffected, and the other one is 
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harmed). Rhoads and Young (1970) proposed that deposit 
feeders may negatively affect suspension feeders to the point of 
making life impossible for the affected group. This phenomenon 
is referred to as trophic-group amensalism and has been subse- 
quently regarded as an example of ecosystem engineering by 
Jones et al. (1994). Mobile, mostly detritus- and deposit-feeder 
infauna and epifauna, but also some sedentary organisms, 
whose feeding and defecation activities may provide abundant 
particles in suspension, destabilize the substrate (Rhoads and 
Young, 1970; Rhoads, 1974). Physical instability tends to clog 
the filtering structures of suspension feeders, bury newly set- 
tled suspension-feeding larvae or inhibit their settling, and pre- 
vent sessile epifauna from attaching to an unstable mud bottom 
(Rhoads and Young, 1970). In contrast, sedentary organisms 
that build mucus-lined tubes within the sediment reduce resus- 
pension and erosion, and represent sediment stabilizers. At least 
in part, this is commonly expressed in the trace-fossil record by 
the segregation of two distinct associations broadly reflected by 
the Skolithos and Cruziana ichnofacies. 

Based on observations on an example of the latter in 
Carboniferous tidal-flat deposits, Mangano et al. (2002a) sug- 
gested that dense concentrations of mobile detritus-feeding 
nuculanid bivalves (producers of Protovirgularia and Lockeia) 
may have acted as sediment destabilizers, precluding the devel- 
opment of vertical burrows of suspension feeders. The same 
role may have been played by the worm-like producers of dense 
associations of Nereites that altered the nature of the substrate, 
encapsulating within the sediment large volumes of defeca- 
tion products. The intruding up-and-down movements of the 
Curvolithus tracemaker (gastropods or flat worms) may have 
also played a destabilizing role in some communities. 

On a larger scale, bioturbation results in landscape changes. 
This has been clearly illustrated by ichnological studies docu- 
menting pervasive changes in intertidal landscape due to the 
activity of callianassids (Curran and Martin, 2003) (Box 6.2), 
and sturgeons (Pearson et al., 2007). Bioturbation can also sig- 
nificantly alter continental landscapes. Extensive burrows are dug 
and excavated by a wide variety of mammals (e.g. rabbits, mole 
rats, prairie dogs, pocket gophers), creating complex underground 
gallery systems that are expressed by a complex topography on 



the surface and provide opportunities for ecological interactions 
(Whicker and Detling, 1988; Bromley, 1990, 1996; Neal and 
Roper, 1991; Moloney et al., 1992; Whitford, 2002). 

Spectacular examples of “ichnolandscapes” are provided by 
the activity of the South African harvester termite 
Microhodotermes viator, which produces a mounded topography 
referred to as heuweltjies (Afrikaans for “little hills”) (Lovegrove 
and Siegfried, 1989; Turner, 2004; Fey, 2010). These mounds are 
1-2 m in height above ground level, and 20-30 m in diameter, 
becoming easily recognizable because they support plant com- 
munities that are different from those in surrounding areas 
(Fig. 6.17a-b). The mounds represent long-term structures that 
result from successive colonization events by several generations 
of termites (Milton and Dean, 1990). Mounds produced by the 
hairy-nosed wombat Lasiorhinus latifrons in Australia can cover 
several hundred square meters and can be seen on LANDSAT 
images (Loffler and Margules, 1980). 

6.7 ORGANISM-ORGANISM INTERACTIONS 



Although ichnology is defined as the science of organism- 
substrate interactions, trace fossils also provide information on 
organism-organism interactions. As discussed in the previous sec- 
tion, some of these effects result from the impact of ecosystem 
engineers (see Section 6.6). However, other effects are due to direct 
interactions between organisms (Abrams, 1987). This commonly 
occurs when another organism acts as a substrate, suggesting a 
symbiotic association. Symbiosis refers to relationships between 
two or more different species, in which at least one of them ben- 
efits from the association (Smith and Douglas, 1987; Tapanila and 
Ekdale, 2007). Three main types of symbiotic relationships can be 
established: parasitism (one species benefits to the detriment of 
the other), commensalism (one species benefits and the other one 
is not affected), and mutualism (both species benefit). 

Parasitic infestation may be expressed by bioerosion struc- 
tures. In order to recognize parasitism, the alternative explan- 
ation of post-mortem bioerosion should be ruled out and one 
should rely on detecting evidence of specific responses by the 
host organism (e.g. overgrowth, regeneration, or embedment). 



Box 6.2 Thalassinidean shrimps as ecosystem engineers in modern tidal flats of San Salvador Island, Bahamas 

A spectacular example of ichnolandscapes has been documented in tidal flats of Pigeon Creek, in the Bahamian island of San Salvador 
(Fig. 6. 1 6a-b). These tidal flats are formed along the margins of a hypersaline lagoon. The tidal flat is characterized by a mounded top- 
ography, resulting mostly from the activity of the callianassid shrimp Glypturus acanthochirus. This shrimp produces deep, large and 
complex burrows, with a downward spiraling morphology, generating intense bioturbation. Glypturus acanthochirus is an ecosystem 
engineer that completely transforms the intertidal landscape. Mounds are up to 30 cm high and 1 m wide. The resulting mounds may 
coalesce forming larger structures that are flattened by tidal action. In addition to the activity of Glypturus acanthochirus, microbial 
mats stabilize the mounds by tending to armor their surfaces. As a result, the mounds are highly resistant to erosion and are long lived. 
The mounds are also colonized by the shrimp Upogehia vasquezi and the fiddler crab Uca major. The former produces U-shaped, com- 
monly paired, burrows, while the latter constructs simple vertical burrows with a basal bulbous turnaround. 



Reference: Curran and Martin (2003). 
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Figure 6.16 Mounded topography 
resulting from the activity of the 
thalassinidean shrimp Glypturus 
acathochirus. Pigeon Creek, San 
Salvador Island, Bahamas, (a) 
General view, (b) Close-up of mounds. 
See Curran and Martin (2003). 



Neumann and Wisshak (2006) noted that echinoderms favor 
the recognition of infestation of parasites, beeause the echino- 
derm skeleton represents a living tissue capable of reacting to 
disturbance. These authors doeumented Late Cretaceous etehed 
attachment scars produced by parasitie foraminifers on the oral 
surface of a holasteroid echinoid. A specific type of parasitism 
is revealed by the dual behavior of endosymbionts that is pre- 
served in the ichnological record as bioclaustrations or embed- 
ment structures (Bromley, 1970; Tapanila, 2005; Tapanila and 
Holmer, 2006; Tapanila and Ekdale, 2007). In these cases, a 
trace-fossil cavity is produced by the growth-interfering behav- 
ior of a symbiont living in the growing skeleton of the host. 
The dual activity of the settler symbiont is revealed by interfer- 
ence of host growth and maintenance of the dwelling structure 
(Tapanila, 2005). Although less common, parasitism may be 



expressed by structures that are not strictly due to bioerosion, 
but preserved in a trace fossil itself An example is illustrated by 
beetle nests in paleosols that contain internal galleries formed by 
cleptoparasites (Mikulas and Genise, 2003; see Section 1.2.4). 
Nara et al. (2008) documented a Pleistocene bivalve, Cryptomya 
busoensis, with its posterior end attached to the upogebiid bur- 
row Psilonichnus, and compared this association with modern 
examples. They interpreted this as a mild form of parasitism, 
in which the bivalve used the sediment-water interface on the 
internal surface of the crustacean burrow, taking food and oxy- 
gen, and expelling wastes. 

Even less common is ichnological evidence of commensalism 
in the ichnofossil record, and only very recently have examples 
been documented. Wisshak and Neumann (2006) documented 
a commensal association between a spionid polychaete and a 
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Figure 6.17 Mounded topography 
(heuweltjies) produced by the har- 
vester termite Microhodotermes via- 
tor, Matjiesgloof Farm, South Africa. 
See Fey (2010) (a) General view, (b) 
Close-up of termite mounds. 



holasteroid echinoid from the Late Cretaceous. The interaction 
is suggested by the presence of abundant specimens of the bor- 
ing Caulostrepsis associated with distinct regeneration textures 
in the echinoderm. These authors suggested commensalism 
rather than parasitism, based on the fact that while the poly- 
chaete sheltered and fed from organic matter resuspended by the 
echinoderm, there was no evident harm involved for the latter. 

Mutualism is expressed in the ichnological record by farm- 
ing behavior. For example, some termites (i.e. subfamily 
Macrotermitinae) build gardens where a symbiotic fungus is 
cultivated (Sands, 1969). Termites use their own feces to build a 
structure where the fungus grows (fungus comb). Fossil fungus 
combs are associated with termite nests in Miocene paleosols, 
recording the earliest example of symbiotic termite fungicul- 
ture (Duringer et al., 2007). 

6.8 SPATIAL HETEROGENEITY 



Trace fossils commonly display a heterogeneous distribution 
across an individual sedimentary unit (i.e. they show a deviation 



from randomness). In fact, any casual observer inspecting an 
outcrop can find substantial differences in the trace-fossil con- 
tent along a single bedding plane. However, despite being spatial 
heterogeneity, a well-known feature in ecological studies (e.g. 
Schafer, 1972; Reise, 1985; Gili and Coma, 1998), it has been 
noted in ichnological analysis relatively recently (Pemberton 
and Frey, 1984b; Leszczynski, 1991b; Mangano et al., 2002a; 
Genise et al., 2004b; Mcllroy, 2007a; Scott et al., 2007a). In 
many instances, spatial heterogeneity is produced by the impact 
of ecosystem engineers (see Section 6.6). Also, computer simula- 
tions and experiments seem to indicate that resource patchiness 
plays a strong control on invertebrate behavior, particularly in 
foraging organisms (Plotnick and Koy, 2005; Koy and Plotnick, 
2010) (see Section 3.4). 

Zonation and patchiness of benthic communities is common 
in modern marine environments, both in shallow-marine (e.g. 
Schafer, 1972; Anderson and Meadows, 1978; Newell, 1979; 
Reise, 1985; Tufail et al., 1989) and deep-marine settings (Gage 
and Tyler, 1991). Within shallow-marine settings, intertidal areas 
are particularly heterogeneous as a result of both physical and 
biotic processes. The tidal cycles, tidal currents, river input, and 
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wind processes lead to a wide variety of salinity changes and 
hydrodynamic regimes (Meadows et ah, 1998). For example, 
different suspension feeders capture particles of variable sizes, 
leading to patehy species distribution controlled by the flow rate 
of the surrounding water (Gili and Coma, 1998). In addition, 
the complex biogenic interactions of the intertidal zone result 
in further complexity (Reise, 1985; Bertness, 1999; Little, 2000). 
In fact, the proeess of bioturbation itself, which involves par- 
ticle selective feeding, influences spatial heterogeneity (Murray 
et al., 2002). Under these conditions, heterogeneity oceurs pri- 
marily at two seales. At the larger scale, zonational distribution 
is expressed along the entire tidal range, as illustrated by dif- 
ferent animal eommunities living in different areas within the 
tidal flat (i.e. tidal channels and tidal flats; upper, middle, and 
lower tidal flats); these changes are better understood within the 
framework of facies analysis (see Section 7.2). 

Of more interest here are those changes revealed at a smaller 
scale. Spatial segregation of species may reflect distinct micro- 
habitats and partitioning of energy resources within each envir- 
onment. A particular spatial array of organisms permits the 
exploitation of particular food resources within the limits of 
their tolerance to environmental conditions. This allows max- 
imum utilization of available food resourees and minimum inter- 
specific competition (Newell, 1979). The spatial separation of 
barnacles and limpets within the lower intertidal zone of rocky 
shorelines represents an example (Lewis, 1961). In the middle- 
and, particularly, in the lower-intertidal area, food resources are 
abundant and varied, but, equally, the organisms are bound by 
other species whose requirements may overlap with their own. In 
these settings, patchiness eommonly results from niche special- 
ization, thereby significantly reducing interspecific competition. 
Selection commonly favors those behavioral responses that tend 
to restrict organisms to particular niches at which they convert 
energy more efficiently than their neighbors (Wolcott, 1973). 

Substrate microtopography across the tidal flat exerts a control 
on spatial heterogeneity because it strongly influences sediment 
grain size, sorting, and organic richness (Thum and Griffiths, 
1977). These authors noted that water enters through ripple 
troughs and exits through the crests along a pressure gradient. 
This circulation pattern results in a re-sorting of sediment with 
small grains and organic debris being drawn into the troughs. 
Organics are trapped within the sediment to a depth equal to the 
height of the ripple crest. The localized distribution of organic 
matter accounts for the aggregation of meiofauna, and inverte- 
brate grazers in ripple troughs (Jansson, 1967; Harrison, 1977, 
Newell, 1979). Small patches of nematodes may occur in ripple 
troughs as a response to preferential accumulation of organic 
detritus (Hogue and Miller, 1981). 

The polychaete Scolecolepsis squamata constructs vertical 
shafts on slight topographic rises, while the spiral traps of the 
paraonid polychaete Paraonis fulgens occur in nearby depres- 
sions in intertidal areas (Roder, 1971; Bromley, 1990, 1996). 
Segregation of associations of the amphipod Corophium volu- 
tator, the polychaete Arenicola marina, and the prosobranch 
Hydrobia has been noted in modern sand flats (Reise, 1985). 



Mounds are stabilized and inhabited by the tube-dwelling 
amphipods, the prosobranch tends to concentrate at the fringe 
of the mounds, and the polychaete causes high sediment turn- 
over in the surrounding areas. In this case, heterogeneity most 
likely reflects trophic amensalism as a result of the mutual exclu- 
sion of sediment stabilizers and destabilizers (see Section 6.6). 
Evaluation of spatial heterogeneity in modern intertidal areas 
has been quantitatively assessed through the establishment of 
three transects in intertidal areas of the Clyde Estuary, Scotland 
(Meadows et al., 1998). The first transect was at right angles 
to the sand dunes (crest/trough transect), the seeond and third 
crossed the crest (crest transect) and trough (trough transect), 
respectively. Correlation, eluster, and principal component ana- 
lysis highlighted patterns of spatial patchiness in the microhabi- 
tats and the associated macrobenthic community. 

Information from marine benthic ecology can be used to 
understand heterogeneous distribution of biogenic structures in 
the stratigraphie record. Heterogeneity related to local micro- 
topography, typically bedforms or small positive areas along 
individual bedding planes, has been detected in Carboniferous 
tidal flats (Mangano et al., 2002a). In particular, patchiness is 
revealed by the preferential presenee of Psammichnites implexus 
in ripple troughs. Small-scale spatial heterogeneity probably doc- 
uments the effects of bedform topography on the partitioning 
of food resources. Psammichnites implexus commonly displays a 
guided meandering pattern in ripple troughs, reminiscent of the 
hyporelief Helminthorhaphe of deep-marine settings. Absence 
of self-overcrossing suggests phobotaxis. This distribution may 
reflect food searching in ponded areas of ripple troughs during 
the low tide (Mangano et al., 2002a, b). 

Patchiness in these Carboniferous tidal flats is also represented 
by mounds characterized by dense aggregations of U-shaped 
tubes (Protovirgularia bidirectionalis) and small vertical burrows. 
U-shaped, mucus-lined bivalve burrows most likely stabilized 
the substrate and trapped the sediment to form the mounds on 
the tidal-flat surface (see Section 6.7). Similar mounds are pro- 
duced by Corophium volutator (Reise, 1985) and tube-building 
polychaete worms (Jones and Jago, 1993) in modern tidal flats. 
The reason why the infaunal burrowers chose this particular spot 
is more difficult to assess, but it may have been related to some 
particularly attractive feature of the sediment, as site selection 
is rarely random. Larval preference for settlement in particular 
sites has been associated with speeific substrate features, either 
physical properties (e.g. grain roundness) or biologieal compo- 
nents (e.g. organic film induced by bacteria, type of interstitial 
organisms, presence/absenee of seagrass) (Newell, 1979; Reise, 
1985). For example, the presence of a film of microorganisms 
on the surface of sand grains is instrumental in allowing the 
settlement of the polychaete Ophelia bicornis (Wilson, 1954, 
1955). Meadow and Anderson (1968) conducted a survey of 
microorganisms attached to grains of intertidal sand and found 
an uneven distribution, with microorganisms tending to eoneen- 
trate in small pits and grooves on the surface. Microbial stabil- 
ization is also a major controlling factor in creating topographic 
irregularities in tidal flats, such as erosive remnants, mounds. 
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and domal upheavals, and projecting bedding planes in tidal 
flats (Gerdes et al., 1994, 2000; Noffke et al, 1996; Noffke, 
1999, 2010; Schieber et al, 2007). 

Patchiness in trace-fossil distribution has been systematically 
analyzed in wave-dominated shallow-marine successions from 
an ichnofabric perspective (Mcllroy, 2007a). Lateral changes in 
ichnodiversity, proportions of ichnotaxa, and behavioral types 
are remarkable over short distances (less than 55 m along a dep- 
ositional strike). In contrast, the size of trace fossils shows less 
spatial variation. Accordingly, Mcllroy (2007a) suggested cau- 
tion in the use of ichnofabrics for intra-regional correlations. 

Heterogeneity is also very common in deep-marine environ- 
ments (Gage and Tyler, 1991; Leszczynski, 1991b). Observations 
from modern deep-sea floors indicate that benthic organisms 
display a heterogeneous distribution as result of a complex 
interplay of factors (e.g. local environmental changes, larval 
settlement). One of the most common cases is the concen- 
tration of organisms (e.g. ophiuroids, holothurians) forming 
patches across the sea floor (e.g. Billett et al., 1983; Gage and 
Tyler, 1991). Examination of turbidite soles reveals lateral vari- 
ation in the distribution of complex grazing traces and graph- 
oglyptids at different scales (e.g. Leszczynski and Seilacher, 
1991; Leszczynski, 1991b). Trace-fossil patchiness seems to be 
common in thin-bedded turbidites, including radial patches of 
Ophiomorpha and gregarious occurrences of Scolicia. 

Patchiness is particularly common in the continental realm, 
where it has been noted in both terrestrial and freshwater set- 
tings. Habitat heterogeneity is also common in lakes, as a result 
of a wide variety of factors, such as food resources, shelter, and 
breeding opportunities (Cohen, 2003). In particular, hyper- 
saline-lake environments associated with hot springs display 
heterogeneous distribution of biogenic structures (Scott et al., 
2007a). These lakes are very stressful, but may contain local 
zones where less extreme environmental conditions allow for- 
mation, and preservation of biogenic structures (see Section 



10.3.1) . These so-called oases are commonly present around 
freshwater point-sourced springs and contain a concentrated 
view of the biodiversity within the lake (Scott et ah, 2007a). 

River floodplains are also extremely variable, being character- 
ized by sharp environmental gradients, leading to strong spatial 
heterogeneity at different scales (Baker and Barnes, 1998; Ward 
et al., 1999, 2002). Species-rich areas commonly exist as iso- 
lated fragments across the channel and overbank landscape. At 
a smaller-scale, terrestrial-aquatic gradients linked to overbank 
flooding create local patches that influence formation and pres- 
ervation of biogenic structures (e.g. Smith, 1993) (see Section 

10.2.2) . In this respect, proximity to the river channel is directly 
linked to water availability, which is one of the main controlling 
factors in alluvial environments (see Section 6.1.10). 

Genise et al. (2004b) mentioned variable lateral distribu- 
tion in coleopteran pupation chambers (Rebuffoichnus) from 
Cretaceous paleosol ichnofabrics. This pattern was in sharp 
contrast with that of meniscate trace fossils present in the same 
ichnofacies, which display a more homogeneous lateral distri- 
bution. Ecological studies in modern soils suggest that hetero- 
geneity may be linked to patchy distribution of populations in 
response to several factors, such as soil texture and carbon con- 
tent (Ettema and Wardle, 2002). 

In deserts, heterogeneity is linked to both patterns of plants 
in relationship to soil and topography, and animal-generated 
disturbances in soil (Whitford, 2002). Vertebrates (e.g. mam- 
mals, reptiles) and even arthropods create patches in arid envi- 
ronments (see Section 6.6). Some holes excavated by mammals 
serve as collection points for seeds and organic matter, having 
a strong impact in arid ecosystem dynamics. Animal activity 
affects soil chemistry and vegetation growth, resulting in het- 
erogeneous distribution of root traces in desert environments. 
Water availability is also highly variable across desert areas con- 
trolling distribution of biogenic structures (e.g. dunes versus 
interdunes, dry versus wet interdunes). 



7 Ichnology of shallow-marine clastic environments 



As discussed in other chapters of this book, traces commonly receive a paleontologic or zoologic connotation. Because of this aspect, 
traces are often given a short shrift by sedimentologists. This situation is unfortunate, and indeed unfair, to the study of sediments because 
the contained lebensspuren are sedimentary structures (albeit biologically formed) and should receive attention equal to that devoted to 
structures developed by physical processes. In fact, these traces often supply evidence of sedimentological conditions that is superior to 
information gained only by the study of physical structures. If the foregoing is not sufficient reason for sedimentologists to be concerned 
with the study of ichnology, perhaps they can be prodded into it by virtue of the fact that the nefarious beasts creating the biogenic struc- 
tures have a nasty habit of destroying their beloved physical structures, and they should at least attempt to identify the enemy! 

Jim Howard 

“The sedimentological significance of trace fossils” (1975) 



Historically, one of the major strengths of ichnology is its utility 
in facies analysis and paleoenvironmental reconstructions. 
Undoubtedly, marine ichnology has been the main focus of most 
trace-fossil research in this respect. However, our knowledge of 
marine ichnofaunas is still uneven. The vast majority of ichno- 
logical studies applied to facies analysis and paleoenvironmental 
reconstruction deals with ichnofaunas from siliciclastic suc- 
cessions, rather than carbonates, mixed carbonates-clastics, or 
volcaniclastics. In siliciclastic settings, both shallow- and deep- 
marine ichnofaunas have received similar attention. However, 
ichnological studies in shallow-marine environments have 
attained better integration with sedimentological data than those 
in deep-marine settings. In turn, the ichnology of wave-domi- 
nated shallow-marine environments has been explored in more 
detail than their tide-dominated counterparts. In connection 
with this, the ichnological content of sandy shores is much better 
known than that of muddy coasts. In fact, some specific types of 
muddy shorelines, such as chenier plains (e.g. Augustinus, 1989), 
remain essentially unrecognized in the geological record. Also, 
end members, with respect to wave and tidal dominance, are bet- 
ter understood than mixed systems (e.g. Anthony and Orford, 
2002). In this chapter, we will review the ichnology of different 
shallow-marine clastic environments, covering wave-dominated, 
tide-dominated, mixed systems, and muddy shorelines. 

7.1 WAVE-DOMINATED SHALLOW MARINE 



Shallow-marine wave-dominated environments host a large num- 
ber of benthic organisms that interact with the substrate in many 
different ways. As a result, trace fossils are diverse and abundant 
in wave-dominated shallow-marine deposits. Alternating and con- 
trasting hydrodynamic energy levels due to repeated storm events 
are among the most important limiting factors for trace-fossil dis- 
tribution and preservation (Pemberton and Frey, 1984a; Vossler 
and Pemberton, 1989; Frey, 1990; Frey and Goldring, 1992; 
MacEachern and Pemberton, 1992; Pemberton et al., 1992c; 



Pemberton and MacEachern, 1997; Buatois et al., 2002b, 2007b; 
Mangano et al., 2005a). These studies demonstrated that storms 
involve erosion followed by rapid deposition, which in turn is fol- 
lowed by a waning phase and the re-establishment of fair-weather 
sedimentation under a lower-energy regime (Fig. 7.1). Storms 
impose a stress factor on the benthic communities inhabiting these 
wave-dominated environments (see Section 6.1.1). 

Storm-dominated successions contain two contrasting trace- 
fossil suites revealing the response of the benthic fauna inhabiting 
two successive and different habitats (Pemberton and Frey, 1984a; 
Pemberton eta/., 1992c, 2001; Pemberton and MacEachern, 1997). 
The resident, fair-weather suite is produced by a benthic commu- 
nity developed under stable and rather predictable conditions. 
This suite typically illustrates the Cruziana ichnofacies, and reflects 
the activity of populations displaying K-selected or climax strat- 
egies (see Section 6.4). Common components of the fair-weather 
suite are Cruziana, Rusophycus, Dimorphichnus, Teichichnus, 
Asteriacites, Rhizocorallium, Asterosoma, Dactyloidites, Phycodes, 
and Arthrophycus, among many others. By contrast, the storm- 
related trace-fossil suite indicates colonization after the storm 
event. This suite is produced by an opportunistic community 
displaying r-selected population strategies in an unstable, phys- 
ically controlled environment. Opportunistic colonizers com- 
monly, though not always, belong to the Skolithos ichnofacies 
(or Arenicolites ichnofacies of Bromley and Asgaard, 1991). 
Skolithos, Ophiomorpha, and Arenicolites are typical compo- 
nents of the storm-related assemblage. Escape trace fossils do not 
belong to any of these suites, but are produced during the sedi- 
mentation event in an attempt to avoid rapid burial (Bromley, 
1990, 1996). Extremely dense concentrations of Chondrites at the 
top of tempestites may suggest the burial of high quantities of 
organic matter during storms (Vossler and Pemberton, 1988a). 
Also, fair-weather Chondrites may rework burrow-fills of the 
storm-related suite, representing the only evidence of the resident 
fauna (Fig. 7.2a-b). 

Integration of ichnological and sedimentological informa- 
tion has resulted in a detailed paleoenvironmental model that 
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Figure 7.1 Taphonomic pathways of shallow-marine environments affected by storm erosion and deposition. A high frequency of storms results in 
very short-term to negligible colonization windows. Under these conditions, amalgamated storm deposits are formed. These tempestites are either 
non-bioturbated, or contain only escape burrows. Under slightly lower frequency of storms, short-term colonization windows allows the establishment 
of elements of the storm-related trace-fossil suite. Strong erosion due to intense storms results in removal of shallow-tier trace fossils and burrow trun- 
cation, allowing preservation of only deep-tier burrows (e.g. Ophiomorpha, Diplocraterion). Long-term colonization windows allow development not 
only of the storm-related suite but also establishment of the fair-weather suite. If erosion by a subsequent storm is intense, the latter is removed and 
only deep-tier burrows of the former are preserved. Alternatively, elements of the fair-weather suite (e.g. Chondrites) may be preserved inside burrows 
of the storm-related suite. Under moderate to little erosion, the fair-weather suite is preserved, resulting in the alternation of intervals preserving the 
storm primary fabric (plus burrows of the storm-related suite) and bioturbated intervals due to the activity of the fair-weather suite (lam-scram). Very 
long-term colonization windows accompanied by little erosion results in total obliteration of storm deposits or relict tempestite preservation. 




Figure 7.2 Fair-weather Chondrites isp. 
reworking storm-related Diplocraterion 
parallelutn. Middle Eocene, Pauji 
Formation, Motatan Field, Maracaibo 
Basin, western Venezuela. Core width 
is 6 cm. (a) General view, (b) Close-up. 
See Delgado et al. (2001). 
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Figure 7.3 Ichnological and sedimentological aspects along a wave-dominated depositional profile. Alternating low and high intensity of bioturb- 
ation in the foreshore is due to local patches displaying intense reworking by Macaronichnus. HCS, hummocky cross-stratification; SCS, swaley 
cross-stratification. Distribution of ichnofacies and depositional processes based on MacEachern et al. (1999a). 



allows delineation of proximal-distal trends along a backshore- 
nearshore-oflfshore-shelf transect, referred to as the “shoreface 
model” (MacEachern and Pemberton, 1992; MacEachern et ah, 
1999a; Pemberton et al., 2001) (Figs. 7.3 and 7.4). In this model 
the term “shelf” is used in a more restricted way and separated 
from the offshore. Observations were originally based on out- 
crops and cores from the Mesozoic foreland basin of western 
North America (e.g. Pemberton et ah, 1992d), but the database 
has been subsequently expanded to include information from 
elsewhere (e.g. Buatois et al., 2002b; Mangano et al., 2005a; 
Angulo and Buatois, 2009) (Box 7.1). 

The proximal-distal energy gradient in open-marine wave- 
dominated systems is rather straightforward, with a seaward 
decrease in wave energy (Yoshida et al., 2007). In connection 
to the energy gradient, other environmental factors change in 
a predictable way. The energy gradient determines the type of 
substrate available for benthic colonization. Sand-mud rate 
decreases seaward and, therefore, wave-dominated environments 
are represented by sandy shores (Brown and McLachlan, 1990). 
The distribution of biogenic structures is also controlled by the 
available food supply (the food resources paradigm of Pemberton 
et al., 2001). Proximal settings typically contain food particles 
kept in suspension in the water column by currents and waves, 



while distal environments are characterized by organic detritus 
within the sea bed (see Section 6.1.6). Oxygen content usually is 
not a limiting factor in agitated shallow waters, but dysaerobic 
and even anoxic conditions may occur in low-energy distal set- 
tings, significantly affecting ichnodiversity (see Section 6.1.3). 

Analysis of selected case studies documenting shallow-marine 
clastic ichnofaunas shows that few ichnotaxa are restricted to par- 
ticular subenvironments of the nearshore to offshore transect. The 
available information reveals, therefore, the pitfalls of the checklist 
approach, as previously noted by Howard and Frey (1975). An 
integrated approach, taking into account several characteristics, 
such as degree of bioturbation, abundance of individual ichno- 
taxa, ethological, and ecological significance of the biogenic struc- 
tures, ichnofabrics, and tiering structure, is more useful to delineate 
environmental subdivisions of shallow-marine clastic successions 
(e.g. Buatois et al., 2002b; Mangano et al., 2005a). 

7.1.1 BACKSHORE 

Backshore environments are characterized by stressful con- 
ditions, resulting from a combination of subaerial expos- 
ure and rapid variations in substrate types and energy levels, 
mostly reflecting torrential rains and storm surges (Frey and 
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Figure 7.4 Schematic reconstruction of trace-fossil distribution in wave-dominated shallow-marine environments. The proximal zone of the backshore 
is characterized by vertical dwelling structures with a bulbous basal cell, which are assigned to Macanopsis {Ma) together with arthropod trackways 
(At), vertebrate trackways (Vt), and root traces (Rt). The seaward zone of the backshore is dominated by Psilonichnus (Ps). The foreshore is unbio- 
turbated for the most part, but it may contain Skolithos (Sk) and high-density occurrences of Macaronichnus (Ma). The upper shoreface is sparsely 
bioturbated and may contain vertical burrows, such as Skolithos (Sk), Diplocraterion (Di), and Arenicolites (Ar), as well as crustacean galleries, such 
as Ophiomorpha (Op), dominated by vertical components. The middle shoreface is similar to the lower shoreface, but tends to be more bioturbated 
and other ichnotaxa, such as Bergaueria (Be) and Rosselia (Ro), may be added. The lower shoreface is extremely variable with respect to intensity and 
frequency of storms. Asterosoma (.4s), Bergaueria (Be), Planolites (PI), Palaeophycus (Pa), Thalassinoides (Th), Rhizocorallium (RJ^), Rosselia (Ro), 
Skolithos (Sk), and Diplocraterion (Di) are typical components. The offshore transition is similar in taxonomic composition to the lower shoreface, 
but tends to display higher ichnodiversity and intensity of bioturbation. Ichnogenera, such as Teichichnus (Te) and Phycosiphon (Ph), may become 
abundant. The upper offshore is highly diverse, and may include Asterosoma (As), Arenicolites (Ar), Bergaueria (Be), Planolites (PI), Curvolithus (Cu), 
Protovirgularia (Pr), Lockeia (Lo), Palaeophycus (Pa), Arthrophycus (Art), Phycodes (Pc), Thalassinoides (Th), Rhizocorallium (Rli), Rosselia (Ro), 
Teichichnus (Te), Zoophycos (Zo), and Phycosiphon (Ph). The lower offshore is less diverse, and tends to be dominated by Asterosoma (.4s), Planolites 
(PI), Thalassinoides (Th), Chondrites (Ch), Teichichnus (Te), Zoophycos (Zo), and Phycosiphon (Ph). Shelf deposits are intensely bioturbated, but trace- 
fossil diversity is low. Chondrites (Ch), Zoophycos (Zo), and Phycosiphon (Ph) are typical components. 



Pemberton, 1987). Beach-backshore deposits are extremely 
diverse, including wave and current-rippled cross-laminated 
sand in ponded areas, and a wide variety of wind-generated 
structures (e.g. wind ripples and small-scale blowouts) in sand 



exposed to eolian action. The landward edge of the beach is 
characterized by eolian dunes, which in the rock record are 
commonly preserved as planar cross-stratified sandstone com- 
monly displaying steeply dipping foresets. 



Box 7.1 Ichnology of lower Paleozoic wave-dominated shallow-marine deposits of northwest Argentina 

The Alfarcito Member of the Upper Cambrian-Tremadocian Santa Rosita Formation in northwestern Argentina contains well- 
preserved and laterally continuous outcrops, recording deposition in a wave-dominated, low-gradient open-marine system. The 
lower interval of the Alfarcito Member represents a transgressive-regressive cycle, encompassing lower offshore to lower-middle 
shoreface environments (Fig. 7.5). Benthic fauna and trace-fossil distribution were essentially controlled by alternating and con- 
trasting energy conditions due to repeated storm events superimposed on fair-weather deposition. The fair-weather suite is the 
most diverse and includes a wide variety of behaviors, such as locomotion (Archaeonassa fossulata, Cruziana semiplicata, C. prob- 
lematica, Cruziana isp., and Diplichnites isp.), resting (Rusophycus moyensis, R. carbonarius, Rusophycus isp., and Bergaueria aff. B. 
hemispherica), pascichnia (Dimorphichnus aff. D. quadrifidus), feeding (Arthrophycus minimus, IGyrolithes isp., Gyrophyllites isp., 
IPhycodes isp., and Planolites reinecki), and dwelling (Palaeophycus tubularis and P striatus). The storm-related suite is monospe- 
cific and consists of Skolithos linearis, preserved as relatively deep, endichnial structures that penetrate into sandstone tempestites. 
While the fair-weather suite is represented by the Cruziana ichnofacies, the storm-related suite illustrates the Skolithos ichnofacies. 
Integration of ichnological and sedimentological data allows ichnological proximal-distal trends along a nearshore-offshore 
transect to be established (Fig. 7.5). High energy prevailed in lower-and middle-shoreface environments, and bioturbation is 
restricted to vertical burrows (Skolithos linearis), recording colonization after storm events. Environmental conditions in the 
offshore transition and the upper offshore are more variable as a result of the alternation of high-energy storm events and low- 
energy fair-weather mudstone deposition. The storm-related Skolithos ichnofacies is present, but alternates with the fair-weather 
suite (Cruziana ichnofacies) which reaches a diversity maximum in the upper offshore. Trace fossils are scarce in lower-offshore 
deposits, mostly being restricted to Palaeophycus tubularis. Shoreface deposits are of the strongly storm-dominated type. 

Reference: Mangano et al. (2005a). 
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Figure 7.5 Ichnological and sedimentological model of the Alfarcito Member of the Upper Cambrian-Tremadocian Santa Rosita Formation of 
northwest Argentina (after Mangano et al., 2005a). HCS, hummocky cross-stratification. 
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As a result of harsh conditions, few animals are able to sur- 
vive in supralittoral areas and, therefore, ichnofaunas are char- 
acterized by low ichnodiversity and abundance. Backshore 
areas contain a mix of structures produced by terrestrial and 
marine animals, as well as plant-generated structures (Frey and 
Pemberton, 1987). Terrestrial elements occur in dune areas, 
while the marine components are present in the beach. A link 
between both settings occurs, mostly represented by exchange 
of sand, groundwater, salt spray, and living and dead organic 
material (Brown and McLachlan, 1990). 

The terrestrial component is represented by invertebrate, 
vertebrate, and plant traces. Terrestrial invertebrate structures 
include vertical domiciles of insects and spiders, commonly 
with a bulbous basal cell, and horizontal locomotion and graz- 
ing tracks and trails of insects. However, these horizontal traces 
have minimum preservation potential. The vertebrate ichno- 
fauna consists of different trackways produced by amphib- 
ians, reptiles, birds, and mammals (Frey and Pemberton, 1986). 
Coprolites may also be abundant. Plant traces are represented 
by root structures mostly generated by halophytic vegetation 
(adapted to conditions of high salinity) in seaward areas and 
by other types of plants landward. In particular, foredunes, rel- 
ict foredunes, and parabolic dunes are extensively vegetated by 
aggressive pioneer plants and relatively robust plants (Brown 
and McLachlan, 1990). 

Marine organisms are mainly represented by ghost crabs of the 
family Ocypodidae (e.g. Uca pugilator and Ocypode quadrata), 
including both detritus feeders and scavengers. Ghost crabs con- 
struct vertical J-, Y-, and U-shaped dwelling structures assigned 
to the ichnogenus Psilonichnus (Radwahski, 1977; Fiirsich, 
1981; Curran, 1984; Frey eta/., 1984a; Nesbitt Campbell, 2006). 
In siliciclastic settings, ghost crabs extend from the beach to the 
eolian dune area (Frey et ai, 1984a; Curran and White, 1991). 
Crawling traces of crabs, although extremely common in mod- 
ern shorelines, have a very low preservation potential (Curran, 
1984; Frey et ah, 1984a). Other locomotion and grazing hori- 
zontal traces are produced by limulids, amphipods, bivalves, and 
gastropods in modern examples, but remain virtually unknown 
in fossil examples of backshore environments. 

Collectively these structures are included in the Psdonichnus 
ichnofacies (Frey and Pemberton, 1987). Backshore areas grade 
landwards into a wide variety of terrestrial environments char- 
acterized by different trace-fossil assemblages that mostly belong 
to the Scoyenia and Coprinisphaera ichnofacies, as well as other 
potential terrestrial ichnofacies (Buatois and Mangano, 1995b; 
Genise et al., 2000). 

7.1.2 FORESHORE 

The foreshore is characterized by high-energy conditions due 
to intense swash and backwash processes in the intertidal area. 
Foreshore deposits mostly consist of well-sorted, coarse- to 
medium-grained sandstone with subparallel to low-angle cross 
stratification, known as swash-zone stratification. Parting linea- 
tion is common. In some cases, foreshore deposits consist of clast- 



supported pebble to cobble conglomerate displaying clast imbri- 
cation (Buscombe and Masselink, 2006). 

Because of high energy, foreshore deposits tend to be sparsely 
bioturbated and of low ichnodiversity (MacEachern and 
Pemberton, 1992; Pemberton etal., 2001). Locally, zones intensely 
bioturbated by Macaronichnus are common (see Section 6.1.1), 
representing the Macaronichnus assemblage of Pemberton et al. 
(2001) (see also Seike, 2008, 2009) (Fig. 7.6a-b). Deep-tier ver- 
tical dwelling structures of suspension feeders, such as Skolithos 
(Fig. 7.6c) and Ophiomorpha, are typical elements, reflecting 
abundant organic particles kept in suspension by energetic wave- 
forced currents. Middle-tier horizontal to inclined dwelling traces 
(e.g. Palaeophycus and Schaubcylindrichnus) involving other 
trophic groups, such as passive predators and deposit feeders, 
have lower preservation potential (Pemberton et al., 2001). The 
foreshore ichnofauna is ascribed to the Skolithos ichnofacies. In 
any case, most foreshore deposits are unburrowed. 

7.1.3 UPPER SHOREFACE 

The upper shoreface occurs below the low-tide line, and is 
subjected to multidirectional current flows in the build up and 
surf zones (Clifton et al., 1971; Komar, 1976; Walker and Plint, 
1992). As in the foreshore, high-energy conditions are predom- 
inant. Upper-shoreface deposits typically consist of trough and 
planar cross-stratified well-sorted, coarse- to medium-grained 
sandstone. Locally, pebble conglomerate and pebbly sandstone 
beds may occur. 

Continuous migration of large bedforms results in sparse col- 
onization by the benthic fauna. Accordingly, it is not uncom- 
mon to find upper-shoreface deposits that are unburrowed. 
As a result of overall high-energy conditions, upper-shoreface 
ichnofaunas resemble those from the foreshore in their sparse 
distribution, low diversity, dominance of vertical domiciles 
of the Skolithos ichnofacies (e.g. Skolithos, Ophiomorpha, 
and Diplocraterion), and local abundance of Macaronichnus 
(MacEachern and Pemberton, 1992; Pemberton et al., 2001). 
Although Macaronichnus is more common in the upper shore- 
face-foreshore transition, in reflective shorelines it may occur 
down in the upper shoreface (Pemberton et ah, 2001). In add- 
ition, Conichnus may occur locally. Although shallow-tier bio- 
genic structures may be emplaced, deep-tier elements have much 
higher preservation potential. As a result, upper-shoreface 
ichnofabrics are overwhelmingly dominated by deeply penetrat- 
ing vertical burrows (Fig. 7.7a). 

7.1.4 MIDDLE SHOREEACE 

The middle shoreface is located in the area of shoaling and initial 
breaking of waves (Reinson, 1984; Clifton, 2006). High energy 
due to migration of longshore bars is predominant. Middle- 
shoreface deposits consist of swaley cross-stratified, well- 
sorted, medium- to fine-grained sandstone. Locally, trough 
cross-stratification, combined-flow ripples and, more rarely 
hummocky cross-stratification may occur. Storm-induced 
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Figure 7.6 Ichnofaunas from fore- 
shore deposits, (a) Low-angle 
cross-stratified sandstone with a 
monospecific dense assemblage of 
Macawnichnus segregatis. Upper 
Cretaceous, Horseshoe Canyon 
Formation, Drumheller, Alberta, 
western Canada. Scale bar is 10 cm. 
See Pemberton et al. (2001). (b) Core 
expression of similar deposits contain- 
ing Macawnichnus segregatis. Upper 
Oligocene-Lower Miocene, Naricual 
Formation, El Furrial Field, Eastern 
Venezuela Basin. Core width is 8 cm. 
See Quiroz et al. (2010). (c) Sparsely 
bioturbated parallel-laminated 
sandstone showing low density of 
Skolithos linearis. Pleistocene, Tablazo 
Formation, Ballenita, Pacific coast, 
Ecuador. Lens cap is 5.5 cm. 



scouring is particularly intense in the middle shoreface (Aigner 
and Reineck, 1982). 

Because of overall high-energy conditions, middle-shoreface 
deposits are typified by the Skolithos ichnofacies (MacEachern 
and Pemberton, 1992; Pemberton et ah, 2001). However, in 
contrast to the foreshore and upper shoreface, ichnodiversity 
and intensity of bioturbation is somewhat higher. Ophiomorpha 
(Fig. 7.7b), Skolithos (Fig. 7.7e), Diplocraterion, Arenicolites, 
Conichnus, and Bergaueria are common components. 
Thalassinoides with dominantly vertical components may occur 
(Fig. 7.7c). Escape trace fossils may also be present. The fre- 
quency and intensity of storms play a major role on patterns 
of substrate colonization by the benthic fauna (see Section 
7.1.5). Under weak and infrequent storms, some elements of 
the Cruziana ichnofacies, such as Rosselia (Fig. 7.7d and f) and 
Asterosoma (Fig. 7.7g), may be present. Under increased storm 
influence nearly all the components are vertical burrows of sus- 
pension feeders and passive predators (Pemberton et al., 2001). 
If the intensity and frequency of storms is high, deposits are 
unburrowed or only dominated by a few deep-tier forms, resem- 
bling upper-shoreface ichnofabrics. 

7.1.5 LOWER SHOREFACE 

The lower shoreface occurs immediately above the fair-weather 
wave base (Reinson, 1984; Walker and Plint, 1992). Wave action is 
the most important process in this zone. Lower-shoreface depos- 
its consist of thick hummocky cross-stratified fine- to very fine- 



grained sandstone. Wave and combined-flow ripples are locally 
common at the top of hummocky beds. Individual sandstone 
beds generally pinch out, but bedsets are commonly laterally per- 
sistent (Brenchley et al., 1993). Millimetric partings may occur 
locally between some hummocky cross-stratified units. 

MacEachern and Pemberton (1992) noted that lower-shore- 
face deposits display strong ichnological variability as a result 
of contrasting regimes in terms of intensity and frequency 
of storm events. The weakly storm-affected lower shorefaces 
(low energy) are characterized by relatively minor amounts 
of tempestites. These deposits are dominated by fair-weather 
trace-fossil assemblages, and thin storm beds are commonly 
obliterated by biogenic reworking or thoroughly bioturb- 
ated (e.g. Buatois et ah, 2002b, 2003; Carmona et al., 2008). 
In addition, ichnodiversity is high, and assemblages tend 
to be dominated by feeding traces of infaunal deposit feed- 
ers, such as Phycosiphon (Fig. 7.8a), Teichichnus (Fig. 7.8e), 
Phycodes, Asterosoma (Fig. 7.8a-b), Schaubcylindrichnus (Fig. 
7.8a-b and f), Taenidium (Fig. 7.8d and t}, Helicodromites, and 
Rhizocorallium (Fig. 7.8h). Grazing trails of deposit feeders, 
including Planolites, Nereites (Fig. 7.8b-c) and Scolicia (Fig. 
7.8a-b,e-g), feeding traces of chemosymbionts (Chondrites) 
and dwelling traces of suspension feeders (e.g. Palaeophycus) 
and deposit or detritus feeders (e.g. Cylindrichnus and 
Rosselia) are also present. Crustacean burrow networks, such 
as Thalassinoides (Fig. 7.8f) and Ophiomorpha may be abun- 
dant. Equilibrium structures, mostly Diplocraterion (Fig. 
7.8h), may occur locally. Asterosoma, Diplocraterion, and 




Figure 7.7 Ichnofaunas from upper- to middle-shoreface deposits, (a) Vertical Ophiomorpha nodosa in upper-shoreface deposits. Lower Miocene, 
Chenque Formation, Playa Alsina, near Comodoro Rivadavia, Patagonia, Argentina. Lens cap is 5.5 cm. See Carmona et al. (2008). (b) Several ver- 
tical specimens of Ophiomorpha isp. in middle-shoreface deposits. Lower Miocene, Chenque Formation, Punta Delgada, near Comodoro Rivadavia, 
Patagonia, Argentina. Scale bar is 20 cm. See Carmona et al. (2008). (c) Vertical Thalassinoides isp. cross-cutting variably oriented Pkmolites heverleyensis 
in middle-shoreface deposits. Pliocene, Lacui Formation, Cucao, Chiloe Island, southern Chile. Scale bar is 1 cm. (d) Sideritized Rosselia socialis in 
middle-shoreface deposits. Pliocene, Lacui Formation, Cucao, Chiloe Island, southern Chile. Scale bar is 1 cm. (e) Core expression of Skolithos linearis in 
middle-shoreface, planar cross-bedded medium-grained sandstone. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, 
United States. Scale bar is 1 cm. See Buatois et al. (2002b). (f) Core expression of middle-shoreface, planar cross-bedded medium-grained sandstone with 
reworked Rosselia isp. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois 
et al. (2002b). (g) Core expression of Cylindrichnus concentricus in middle-shoreface deposits. Upper Carboniferous, Lower Morrow Sandstone, Gentzler 
Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois et al. (2002b). (g) Core expression of A.sterosoma isp. in middle-shoreface sand- 
stone. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois et al. (2002b). 




Figure 7.8 Ichnofaunas from weakly storm-affected lower-shoreface deposits (low energy), (a) Cross-section view of intensely bioturbated very fine-grained 
sandstone below a horizon with in situ specimens of Pinna sp. containing Nereites missouriensis, Schauhcylindrichnus freyi, Asterosoma isp., Scolicia isp, 
and Phycosiphon incertum. Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 10 
cm. See Carmona et al. (2008). (b) Close-up showing of Nereites missouriensis (Ne), Asterosoma isp {As}, and Scolicia isp. {Sc). Lower Miocene, Chenque 
Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale shows 1 cm division. See Carmona et al. (2008). (c) Bedding-plane 
view of Nereites musouriemis. Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 1 cm. 
See Carmona et al. (2008). (d) Bedding-plane view of Taenidium isp. cross-cutting a background ichnofabric. Lower Miocene, Chenque Formation, Playa 
Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 1 cm. See Carmona et al. (2008). (e) Oblique view of Teichichnus zigzag cross- 
cutting Scolicia isp and overprinted on a background ichnofabric. Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, 
Patagonia, Argentina. Scale bar is 1 cm. See Carmona et al. (2008). (f) Bedding-plane close-up view of intensely bioturbated very fine-grained sandstone 
containing Taenidium isp. (Ta), Schauhcylindrichnus freyi (Sh), Thala.s.sinoides isp. (Th), and Scolicia isp (Sc). Note complex cross-cutting relationships. 
Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale shows 1 cm divisions. See Carmona et al. 
(2008). (g) Bedding-plane view of abundant Scolicia isp. (and their echinoid producers) overprinted on a background ichnofabric. Lower Miocene, Chenque 
Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 10 cm. See Carmona et al. (2008). (h) Core expression of 
intensely bioturbated fine-grained sandstone containing Rltizocorallium isp. (Rh) and Diplocraterion isp. {Di) overprinted on a background mottling iclmo- 
fabric. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois et al. (2002b). 
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Figure 7.9 Ichnofaunas from moderately storm-affected lower-shoreface deposits (intermediate energy), displaying the typical “lam-scram” pat- 
tern. (a) Sparsely bioturbated to non-bioturbated hummocky cross-stratified sandstone zone interbedded with intensely bioturbated sandstone. 
Note deeply penetrating Diplocraterion into hummocky sandstone. Lower Jurassic, Staithes Sandstone Formation, Hartle Loup, North Yorkshire 
Coast, England. Lens cap is 5.5 cm. See Taylor and Pollard (1999). (b) Alternating hummocky cross-stratified and burrowed zones. Lower to Middle 
Miocene, Caiman Formation, Bryn Gwyn Paleontological Park, Patagonia, southern Argentina. Lens cap is 5.5 cm. See Scasso and Bellos! (2004). 
(c) Intensely burrowed sandstone with hummocky zones preserved as relict lenses. Lower to Middle Miocene, Caiman Formation, Bryn Gwyn 
Paleontological Park, Patagonia, southern Argentina. Lens cap is 5.5 cm. See Scasso and Bellos! (2004). (d) Alternating hummocky cross-stratified 
and burrowed zones. Base is on the lower left and top on the upper right. Lower Permian, Rio Bonito Formation, Mina de Irul, southern Brazil. Core 
width is 7 cm. See Buatois et al. (2007b). (e) Close-up showing deep Diplocraterion penetrating throughout the whole hummocky sandstone into the 
underlying bioturbated zone. Lower Permian, Rio Bonito Formation, Mina de Irul, southern Brazil. Core width is 7 cm. See Buatois et al. (2007b). 



Ophiomorpha tend to be more abundant towards the proximal 
edge of the lower shoreface. Ichnofabrics from weakly affected 
lower shorefaces typically display complex tiering structures, 
revealing finely tuned, climax communities displaying verti- 
cal niche partitioning (Buatois et al., 2003). A transition from 
the Cruziana to the Skolithos ichnofacies is coincident with 
the lower to middle shoreface transition in this type of shore- 
face. An archetypal Cruziana ichnofacies characterizes weakly 
affected lower-shoreface deposits. 

The moderately storm-affected shorefaces (intermediate 
energy) show an alternation of laminated storm beds and bio- 
turbated fair-weather deposits, resulting in the so-called “lam- 
scram” pattern (Howard, 1978; MacEachern and Pemberton, 
1992) (see Section 6.1.5). These deposits commonly display the 



alternation of elements of the Skolithos ichnofacies as opportun- 
istic pioneers colonizing sandstone tempestites and the Cruziana 
ichnofacies recording the activity of the fair-weather resident 
community (e.g. MacEachern and Pemberton, 1992; Buatois 
et al., 2007b) (Fig. 7.9a-e). The laminated storm beds either are 
totally unburrowed or contain a few deeply penetrating burrows 
(e.g. Ophiomorpha, Diplocraterion, and Skolithos). The fair- 
weather deposits are moderately to strongly bioturbated, and 
contain Asterosoma, Helminthopsis, Planolites, Palaeophycus, 
Rhizocorallium, and Thalassinoides, among other ichnotaxa. 
Escape trace fossils are locally present. Tiering structure is 
less developed than in the weakly affected lower shorefaces. 
Moderately storm-affected lower-shoreface deposits display an 
alternation of the Skolithos and proximal Cruziana ichnofacies. 
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Figure 7.10 Ichnofaunas from strongly storm-dominated lower/middle 
shoreface deposits (high energy), (a) Skolithos linearis forming a pipe 
rock. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa 
Rosita Formation, Quebrada Casa Colorada, Alfarcito Range, north- 
west Argentina. Lens cap is 5.5 cm. See Mangano et al. (2005a). (b) 
Opbiomorpha nodosa in hummocky cross-stratified sandstone. Lower 
Miocene, Capiricual Formation, El Anfiteatro, Serrania del Interior, 
Eastern Venezuela. Lens cap is 5.5 cm. (c) Escape trace fossils in amal- 
gamated hummocky cross-stratified sandstone. Lower Permian, San 
Miguel Formation, Mallorquin #1 well, Paraguay. Core width is 8 cm. 



7.1.6 OFFSHORE TRANSITION 

The offshore transition occurs immediately below the fair- 
weather wave base (Pemberton et ah, 2001). Environmental con- 
ditions in the offshore transition are more variable, and reflect 
the alternation of high-energy storm events and low-energy fair- 
weather mudstone deposition. Accordingly, offshore-transition 
deposits consist of regularly interbedded, parallel-laminated to 
burrowed mudstone, and thin to thick erosive-based, fine- to 
very fine-grained sandstone with hummocky cross-stratification, 
and combined-flow and wave ripples at the top (Fig. 7.11a). 
Gutter casts, flute casts, tool marks, and load casts may occur at 
the base of sandstone beds (e.g. Myrow, 1992; Mangano et al., 
2005a). Sandstone beds are laterally extensive, but commonly 
display important thickness variation. 

The storm-related Skolithos trace-fossil suite is present in the 
offshore transition, but alternates with the fair-weather suite 
illustrating an archetypal Cruziana ichnofacies (MacEachern and 
Pemberton, 1992; Pemberton et al., 2001). Although the degree 
of bioturbation is somewhat lower than in offshore deposits, 
some hummocky sandstone may have intensely bioturbated tops 
(e.g. Mangano et al., 2005a) (Fig. 7.11b-c). These sandstone 
tops are palimpsest surfaces, recording a storm-related assem- 
blage overprinted by the subsequent fair-weather assemblage. If 
the frequency and intensity of storms is low to moderate, the 
mudstone intervals will be thoroughly bioturbated. The resi- 
dent biota is represented by a wide variety of ichnotaxa, such as 
Cruziana, Rusophycus, Dimorphichnus, Diplichnites (Fig. 7.1 Id), 
Gyrophyllites (Fig. 7.11b), Arthrophycus, Scolicia (Fig. 7. lie), 
Cylindrichnus, Rosselia (Fig. 7.11f-g), Phycosiphon (Fig. 
7.11a), Lockeia, Protovirgularia, Siphonichnus, Teichichnus (Fig. 
7.111), Phycodes, Asterosoma, Schaubcylindrichnus, Taenidium, 
Helicodromites, Rhizocorallium, Thalassinoides (Fig. 7.1 Ih), 
Chondrites (Fig. 7.11h), Palaeophycus (Fig. 7.11f-g), Planolites 
(Fig. 7.111), and Nereites (Fig. 7. 1 li). The colonizers are recorded 
by a few ichnotaxa, mostly Skolithos, Ophiomorpha, and 
Arenicolites (Fig. 7. Ilf). Escape trace fossils are also present. 



The strongly storm-dominated shorefaces (high energy) 
commonly consist of amalgamated hummocky sandstone 
showing little or no bioturbation (Fig. 7.10a-c). High-energy 
conditions prevailed, commonly precluding the preservation of 
biogenic structures. Only the deepest components of the post- 
storm Skolithos ichnofacies (e.g. Skolithos and Ophiomorpha) 
are present. Shallow- to mid-tier biogenic structures were most 
likely removed by erosion due to deep scouring. Repeated 
storm-wave erosion either precluded the establishment of fair- 
weather suites, or limited their preservation in these high-en- 
ergy settings (MacEachern and Pemberton 1992; Pemberton 
and MacEachern 1997; Buatois et al., 2007b; Mangano et al., 
2005a). The absence of fair-weather suites in strongly storm- 
dominated shorefaces precludes distinction between the mid- 
dle and the lower shoreface based on ichnological aspects 
(MacEachern and Pemberton 1992). 



7.1.7 UPPER OFFSHORE 

The upper offshore occurs between the offshore transition and 
the lower offshore. As in the offshore transition, the upper off- 
shore is subjected to the alternation of high-energy, short-term 
storm events and longer periods of suspension fallout during 
fair-weather. Compared with the lower offshore and offshore 
transition, upper-offshore deposits are commonly the most 
variable. Due to its bathymetric position, the upper offshore 
experiences a lesser degree of storm-wave influence than the 
offshore transition. Upper-offshore deposits consist of bioturb- 
ated mudstone intervals interbedded with thin, laterally exten- 
sive, erosionally based, very fine-grained silty sandstone layers 
with parallel lamination, combined-flow ripples, and wave rip- 
ples (Fig. 7.12a). Thin beds with micro-hummocky cross-strati- 
fication, hummocky cross-stratification, and planar lamination 
may occur. 




Figure 7.11 Ichnofaunas from offshore-transition deposits, (a) General outcrop view of offshore-transition deposits showing regular intercalation of 
very fine-grained hiumnocky cross-stratified sandstone and mudstone. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, 
Quebrada de Moya, northwest Argentina. Length of hammer is 33.5 cm. See Mangano et al. (2005a). (b) Close-up of the top of a hummocky cross-stratified 
sandstone, displaying high density of the radial feeding trace fossil Gyrophyllites isp. (arrows). Upper Cambrian-Lower Ordovician, Humacha Member, Santa 
Rosita Formation, Quebrada de Humacha, near Huacalera, northwest Argentina. Coin (upper center) is 1.8 cm. See Mangano et al. (2005a). (c) Bedding- 
plane view of intensely bioturbated very fine-grained sandstone tempestite with high-density circular cross-sections of SkoKthos linearis. Upper Cambrian- 
Lower Ordovician, Alfarcito Member, Santa Rosita Formation, Arroyo Pintado, northwest Argentina. Lens cap is 5.5 cm. See Mangano et a!. (2005a). (d) 
Diplichnites isp. at the top of a hummocky cross-stratified sandstone. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, 
Arroyo Pintado, northwest Argentina. Scale bar is 2 cm. See Mangano et al. (2005a). (e) Fair-weather deposits containing Scolicia isp. Upper Cretaceous, 
Panther Tongue Member, Star Point Formation, Kennilworth Wash, Book Cliffs, Utah, United States. Scale bar is 2 cm. See Bhattacharya et al. (2007). 

(f) Offshore-transition deposits showing alternation of fair-weather mudstone and thin- to moderately thick-bedded very fine-grained sandstone tem- 
pestites. Ichnofauna represented by Ro.tselia isp. (Ro), Arenicolites isp. (Ar), Teichichnus rectus (Te), Palaeophycus isp. (Pa), Planolites isp. (PI), and 
Phyco.siphon incertum (PH). Lower Permian, Rio Bonito Formation, Mina de Irui, southern Brazil. Core width is 7 cm. See Buatois et al. (2007b). 

(g) Interbedded fair-weather mudstones and discrete layers of very fine-grained sandstone tempestites. Note small Ros.selia isp. (Ro) in sand- 
stone layer, and abundant Palaeophycus isp. (Pa) and Planolites montanus (PI) in fair-weather deposits. Upper Permian, San Miguel Formation, 
Mallorquin # 1 core, Paraguay. Core width is 8 cm. (h) Partially preserved storm sandstone layer interbedded with intensely bioturbated depos- 
its with Thalassinoides isp. (Th), Chondrites isp. (CH), Phycosiphon incertum (Ph) and Palaeophycus isp. (Pd). In some cases. Chondrites is rework- 
ing Thala.ssinoides burrow fills. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. 
(i) Intensely bioturbated offshore-transition deposits showing diffuse layers of very fine-grained sandstone emplaced by storms interbedded with fair-weather 
mudstone. Sandstone is dominated by Nereites missouriensis (Ne). A.stero.soma isp. (A.s) tends to be more common in fair-weather deposits. Upper Devonian- 
Lower Mississippian Bakken Formation, southeastern Saskatchewan, central Canada. Core width is 7 cm. See Angulo and Buatois (2009, 2010). 




Figure 7.12 Ichnofaunas from upper-offshore deposits, (a) General outcrop view of upper-oftshore deposits showing thinly bedded mudstone and very 
fine-grained sandstone with combined-flow and oscillatory ripples. The ichnofabric is dominated by Trichophycus venosus (arrows). Lower Ordovician, 
Rupasca Member, Santa Rosita Formation, Angosto del Ferrocarril, Chucalezna, northwest Argentina. Lens cap is 5.5 cm. See Mangano and Buatois 
(2011). (b) Close-up of base of a sandstone tempestite, displaying high density of Cruziana semiplicata cross-cut by Palaeophycus tuhularis. Upper 
Cambrian, Lampazar Formation, Angosto del Moreno, northwest Argentina. Scale bar is 1 cm. See Mangano and Buatois (2003a). (c) Arenicolites 
isp. colonizing a very-fine grained sandstone tempestite. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, Quebrada 
del Arenal, near Fluacalera, northwest Argentina. Lens cap is 5.5 cm. See Mangano and Buatois (2003a). (d) Base of a sandstone tempestite, display- 
ing abundant Rusophycus moyensis. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, Quebrada de Moya, northwest 
Argentina. Scale bar is 1 cm. See Mangano el al. (2002c). (e) Moderately bioturbated fair-weather offshore-transition deposits intercalated with dis- 
crete very fine-grained sandstone layers emplaced by storms displaying sparse bioturbation by Teichichnus rectus (Te). Overall moderate bioturbation 
degree and presence of discrete storm layers suggest relatively high frequency and intensity of storms. Upper Devonian-Lower Mississippian, Bakken 
Formation, southeastern Saskatchewan, central Canada. Core width is 7 cm. See Angulo and Buatois (2010). (t) Intensely bioturbated fair-weather 
deposits showing diffuse layers of very fine-grained storm sandstone. Sandstone is dominated by Nereites missouriensis (Ne). Asterosoma (As) isp. tends 
to be more common in fair-weather deposits, while Teichichnus rectus (Te) occurs in both fair-weather and storm deposits. Overall high bioturbation 
degree and presence of diffuse storm layers suggest relatively low frequency and intensity of storms. Upper Devonian-Lower Mississipian, Bakken 
Formation, southeastern Saskatchewan, central Canada. Core width is 7 cm. See Angulo and Buatois (2009, 2010). (g) Partially preserved storm sand- 
stone layer interbedded with intensely bioturbated deposits having Asterosoma isp. (As), Phycosiphon incertum (Ph) and Teichichnus rectus (Te). Middle 
Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. 
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Upper-offshore deposits display the alternation of the resi- 
dent fair-weather and storm-related colonization trace-fossil 
suites. The fair-weather suite commonly reaches a diversity 
maximum in the upper offshore, and represents the archetypal 
Cruziana ichnofacies (MacEachern and Pemberton, 1992; 
Pemberton et al., 2001) (Fig. 7.12b,d,f-g). This ichnofacies is 
represented by a wide variety of morphological patterns and 
ethological groups. Its composition tends to be similar to that 
of the offshore transition. The fair-weather mudstone is com- 
monly completely bioturbated, and the sandstone tempestites 
may be moderately to intensely bioturbated. In the case of 
weakly storm-affected settings, bioturbation is intense, and thin 
storm layers may be completely homogenized or only recorded 
by remnant lamination (MacEachern and Pemberton, 1992; 
Pemberton et ah, 2001) (Fig. 7.12f-g). Under greater intensity 
and frequency of storms, the degree of bioturbation in both 
fair-weather and event deposits may be lower (Fig. 7.12e). The 
less-erosive nature of these more distally emplaced tempestites 
coupled with the overall lower energy of the upper offshore 
favor development and preservation of the fair-weather suite 
(Mangano et al., 2005a). The storm-related suite is less distinct- 
ive, with some sandstone beds recording small and dispersed 
vertical burrows, most commonly Skolithos, Arenicolites (Fig. 
7,12e), and Ophiomorpha. 

7.1.8 LOWER OFFSHORE 

The lower offshore occurs immediately above the storm wave 
base (MacEachern et al., 1999a; Pemberton et al., 2001). 
Suspension fallout is the dominant process and, therefore, 
lower-offshore deposits are mudstone-dominated. However, 
because sedimentation occurs above the storm wave base, 
bioturbated mudstone background deposits are locally punc- 
tuated by laterally extensive, sharp-based, erosive storm-em- 
placed, very fine-grained silty sandstone with combined-flow 
ripples and parallel lamination. 

Bioturbation is commonly very intense in lower-offshore 
deposits (Fig. 7.13). Background mudstone is thoroughly bio- 
turbated, while bioturbation patterns in the associated distal 
tempestites are more variable. Thin tempestites are commonly 
represented by remnant lamination, while thick sandstone 
beds show better preservation of the primary fabric, and trace 
fossils are commonly restricted to the top (Pemberton et ah, 
2001). The storm-related trace-fossil assemblage is commonly 
poorly developed and the fair-weather assemblage represents 
the distal Cruziana ichnofacies (MacEachern et al., 1999a; 
Pemberton et al., 2001). Typical components are Phycosiphon 
(Fig. 7.13a-f), Helminthopsis, Nereites (commonly N. missou- 
riensis). Chondrites (Fig. 7.13e, and f), Zoophycos (Fig. 7.13g), 
Planolites (Fig. 7.13f), Teichichnus (Fig. 7.13e), Palaeophycus, 
Asterosoma (Fig. 7.13f), Scolicia, Schauhcylindrichnus (Fig. 
7.13a-b and d) and Thalassinoides (Fig. 7.13c). The tiering 
structure is commonly complex, displaying multiple ichnogu- 
ilds. Although the degree of bioturbation and ichnodiversity 
are typically high, more impoverished suites may be present 
under oxygen-depleted conditions (Mangano et al., 2005a). In 



addition, the scarcity of sandstone interbeds may have inhibited 
preservation and visibility of biogenic structures in the field. 

7.1.9 SHELF 

The shelf extends from the storm wave base to the slope break. 
Therefore, suspension-fallout sedimentation is the dominant 
process and bioturbated mudstone is the typical facies. Locally, 
thin normally graded siltstone layers, representing storm-in- 
duced turbidites, may occur. 

Shelf deposits are typically pervasively bioturbated, and 
feeding and grazing traces of deposit feeders dominate, illus- 
trating the Zoophycos ichnofacies (MacEachern et al., 1999a; 
Pemberton et al., 2001). Typical components are Zoophycos, 
Chondrites, and Phycosiphon. Trichichnus and Planolites may 
also be present. Ichnofabrics tend to be dominated by deep-tier 
structures that commonly obliterate shallowly emplaced biogenic 
structures. However, under certain conditions, the shelf may lie 
within the oxygen minimum zone and, therefore, deposits may 
be scarcely bioturbated or even totally unburrowed. In the latter 
case, parallel laminated black shales represent the typical facies 
(e.g. Buatois et al., 2006a; Angulo and Buatois, 2009). 

7.2 TIDE-DOMINATED SHALLOW MARINE 



Our present knowledge of the ichnology of tidal depositional 
systems lags behind that of wave-dominated environments. 
However, a number of contributions have outlined some of the 
most relevant characteristics of ichnofaunas from tidal-flat, 
subtidal-sandbar complexes and tidal dunes (e.g. Mangano 
and Buatois, 1999b; Mangano et al., 2002a; Desjardins et al, 
2010a). While wave-dominated systems display a clear onshore- 
offshore trend in energy conditions (see Section 7.1), the energy 
gradient in tide-dominated shallow-marine environments is not 
straightforward (Yoshida et al, 2007). 

Despite all these complexities, Klein (1971, 1977) proposed a 
facies model for tide-dominated shorelines based on the integra- 
tion of observations from modern and ancient deposits. In this 
model, tide-dominated shorelines are subdivided into a supratidal 
region, the upper-, middle-, and lower intertidal zones, and the 
subtidal area (see summary in Dalrymple, 1992). Within this set- 
ting, tidal energy increases seaward reaching a maximum in the 
proximal-subtidal zone and then decreases towards the distal shelf 
Accordingly, tidal flats in general coarsen seaward, in contrast to 
wave-dominated shorelines that coarsen landward. Therefore, a 
typical tidal-flat profile in a landward direction comprises a lower- 
intertidal sand flat, a middle-intertidal mixed (sand and mud) flat, 
and an upper-intertidal mud flat. As a result, many tide-dominated 
shorelines are represented by muddy coasts (Wang et al, 2002). 
Landward of the mud flat, supratidal salt marshes are typically 
present under temperate conditions, while mangroves may occur 
in tropical to subtropical settings (see Section 8.1.2). The subtidal 
zone is present seaward of the sand flat. 

The intertidal zone represents a harsh ecosystem where 
marine organisms often approach the survival boundaries of 




Figure 7.13 Ichnofaunas from lower-offshore deposits, (a) Bedding-plane surface view of intensely bioturbated deposits containing Phycosipbon incer- 
tum (Ph), Zoophycos isp. (Zo), and Schauhcylindrictmus freyi (Sc). Lower Pliocene, Lacui Formation, Punta Pirulil, Chiloe Island, southern Chile. Scale 
bar is 1 cm. (b) Close-up showing Phycosipbon incertum (Pb) and Schaubcylindrichnus freyi (&). Lower Pliocene, Lacui Formation, Punta Pirulil, Chiloe 
Island, southern Chile. Scale bar is 1 cm. (c) Thalassinoides isp. reworked by Phycosipbon incertum. Lower Pliocene, Lacui Formation, Punta Pirulil, 
Chiloe Island, southern Chile. Scale bar is 1 cm. (d) Close-up of intensely bioturbated deposits with Phycosipbon incertum (Ph), Zoophycos isp. (Zo), 
and Schaubcylindrichnus freyi (Sc). Lower Pliocene, Lacui Formation, Punta Pirulil, Chiloe Island, southern Chile. Scale bar is 1 cm. (e) Evenly distrib- 
uted Phycosipbon (Ph) cross-cut by Chondrites (Ch) and Teichicbnus (Te). Note longitudinal view of Teichichnus spreiten that may be confused with pri- 
mary sedimentary lamination. Upper Cretaceous, Magallanes Formation, Estancia Agua Fresca area. Austral Basin, southern Patagonia, Argentina. 
Core width is 10 cm. See Buatois et al. (201 1). (f) Intensely bioturbated deposits dominated by distinctive deep-tier Chondrites isp. (Ch). Shallow-tier 
Asterosoma isp. (^5), Phycosipbon incertum (Ph), and Planolites isp. (PI) form the background ichnofabric. Middle Jurassic, Plover Formation, Sunrise 
and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. (g) Deep-tier Zoophycos isp. overprinted on a background ichnofabric. 
Lower Cretaceous, Muderong Shale Formation, Pluto Field, Carnavon Basin, offshore northwestern Australia. Core width is 10 cm. 
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their tolerance range to environmental extremes. Only a very 
few species are able to inhabit the entire tidal range (Reise, 
1985). Zonational distribution of organisms is, therefore, the 
rule. Accordingly, different animal communities live in differ- 
ent areas within the tidal flat, where various environmental 
parameters differ substantially. Although tidal flats are primar- 
ily a marine habitat, they are subject to the extremes of terres- 
trial climate, heating, frost, desiccation, and rain (Reise, 1985). 
Temperature, time of exposure to subaerial conditions, salinity, 
hydrodynamic energy, and substrate are effective limiting fac- 
tors. In the upper-intertidal zone, environmental conditions are 
not only more extreme; high temporal instability and unpredict- 
ability resulting in a decrease in species diversity are the norm. 
Physical factors, such as heating, frost, and water loss, play a 
crucial role in benthic communities. In general, biological diver- 
sity and biomass decrease toward the level of high tide (Newell, 
1979; Reise, 1985). Although primary production by benthic 
microalgae increases in a landward direction, benthic consum- 
ers do not show a corresponding increase, most likely due to the 
difficulties for marine organisms to adapt to prolonged low-tide 
emersion (Reise, 1985). 

Periodic emersions and submersions of the intertidal zone 
are matched by periodic fluctuations in salinity. In addition, 
seasonal rains and drainage from the continent strongly control 
the salinity and position of the water table. Changes in salin- 
ity, together with subaerial exposure and temperature, are more 
drastic in the upper-intertidal area, diminishing towards the 
lower-intertidal zone (Newell, 1979; Reise, 1985). In general, 
euryhaline species tend to be more abundant in the upper-inter- 
tidal zone (Newell, 1979). Complex hydrological conditions of 
the tidal flat promote particular behavioral strategies for protec- 
tion, such as infaunalization. Inhabiting a burrow or temporary 
refuge in the sediment is an effective strategy in avoiding salinity 
variations (see Section 6.1.4). In low-energy settings, close to 
the low-water mark, surface salinity changes have little effect 
on the salinity of interstitial water below a depth of about 2 cm 
(Sanders et al., 1965; Johnson, 1967). 

Many organisms of the intertidal zone have developed bio- 
logical rhythms (e.g. circa-tidal and circa-semilunar rhythms) 
of vertical or horizontal migration controlled by tide cyclicity 
(Palmer, 1995). Many species (e.g. the modern crab Sesarma 
reticulatum) hide in their burrows during low tide and are active 
during high tide (Palmer, 1967, 1995; Seiple, 1981). Horizontal 
migration is another strategy to minimize the dramatic salin- 
ity shifts in the upper-intertidal zone. For example, the mod- 
ern predator isopod Eurydice pulchra lives buried in the sand 
flat during emersion, but rises into the water column with 
flood tides to swim at the water’s edge and feed on epifauna, 
infauna, and debris. Subsequently, it retreats seaward with ebb 
tide and reburies itself for protection (Warman et ah, 1991). 
Marine invertebrate surface activity on the tidal flat tends to 
be more intense during high tide (Vader, 1964; Piehkowski, 
1983). In contrast, many semi-terrestrial and terrestrial ani- 
mals (e.g. terrestrial crabs and the modern intertidal beetle 
Thalassotrechus barbarae) typically display a peak of activity 
during low-tide emersions (Palmer, 1995). Other adaptations 



to stressful salinity conditions involve protection by organic 
substances (e.g. mucus) and osmoregulation (Kinne, 1964). 
Some animals combine several strategies for better protection. 
For example, the modern Corophium is a good osmoregulator 
and a well-known borrower that can tolerate salinities between 
2%o and 47%o. 

In contrast to the more stressful conditions of the upper-inter- 
tidal zone, lower-intertidal invertebrate communities resemble 
contiguous communities that inhabit environments below the 
fair-weather wave base (Schafer, 1972; Reise, 1985; Swinbanks 
and Murray, 1981). The higher predictability of the middle- to 
lower-intertidal zones results in high species diversity contain- 
ing species that are particularly adapted to utilize the resources 
of specific microhabitats (Sanders, 1968, 1969; Slobodkin and 
Sanders, 1969). 

An integrated ichnological and sedimentological model has 
been proposed for tidal flats and related settings (Mangano 
and Buatois, 2004a) (Figs. 7.14 and 7.15) (Box 7.2). This model 
attempts to address patterns of distribution of biogenic structures 
in tide-dominated shorelines which, albeit sheltered, developed 
under fully or near-fully marine salinity conditions. Therefore, 
the model does not address ichnofaunas from tidal flats formed 
in more restricted, marginal-marine settings, such as estuaries 
or interdistributary bays, which are typically of lower diversity 
in brackish-water environments or contain freshwater trace fos- 
sils in the case of fluvio-estuarine transitions (see Chapter 8). 
Although the early observations were based on Paleozoic out- 
crops (Mangano and Buatois, 1999b; Mangano et al, 2002a), the 
model was subsequently expanded to encompass the rest of the 
Phanerozoic (Mangano and Buatois, 2004a). 

The ichnofacies gradient in tide-dominated shorelines is 
opposite to that in wave-dominated shoreface environments. As 
overall tidal energy increases from supratidal to subtidal set- 
tings, the Skolithos ichnofacies tends to occur seaward of the 
Cruziana ichnofacies (Mangano et al, 2002a). This shoreward 
decrease of energy parallels a decrease in oxygenation, sand con- 
tent, amount of organic particles in suspension, and mobility of 
the substrate. This gradient is consistent with information from 
modern tide-dominated environments, where the highest faunal 
diversity is present around mid-tide level (Beukema, 1976). In 
fact, similar ichnological trends have been detected in modern 
tidal flats (Bajard, 1966; Howard and Dorjes, 1972; Swinbanks 
and Murray, 1981; Ghare and Badve, 1984; Gerdes et al, 1985; 
Frey et al, 1987a, b; Aitken et ah, 1988; Larsonneur, 1994). For 
example, Swinbanks and Murray (1981) recognized five zones 
in the tidal flats of British Columbia, each characterized by 
different associations of biogenic structures. Similar zonations 
have been established in tidal flats of South Korea (Frey et al, 
1987a, b) (Box 7.3). 

7.2.1 SUPRATIDAL MARSH AND MANGROVES 

The supratidal area may be vegetated forming salt marshes 
or mangroves, depending on the predominant climatic condi- 
tions (see Section 8.1.2). Sporadically the supratidal zone may 
be affected by storm surges (Wang et al, 2002). In supratidal 
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Figure 7.14 Ichnological and sedimentological aspects along a tide-dominated depositional profile. High intensity of bioturbation in supratidal 
areas is due to plant root traces. Irregular pattern of intensity of bioturbation in the tidal flat reflects spatial heterogeneity. Distribution of ichno- 
facies and depositional processes based on Mangano and Buatois (1999b, 2004a). 



Box 7.3 Ichnology of modern tidal flats in South Korea 

Extensive macrotidal flats near the mouth of the Yellow River, in South Korea, span from the shore to approximately 4 km 
seaward. Analysis of biogenic structures across these low-energy tidal flats allows recognition of ichnofaunal gradients across 
a tide-dominated depositional profile. Three different ichnocoenosis (brachyuran, molluscan, and holothurian assemblages) 
have been distinguished. The brachyuran ichnocoenose occurs from 0 to 900 m from the shore, in the muddiest, most land- 
ward reaches of the tidal flat. It is dominated by dwelling, locomotion, and grazing traces of crabs, with secondary presence of 
gastropod locomotion traces and polychaete dwelling traces. The molluscan ichnocoenose is present from 900 to 2100 m from 
the shore, in mid-flat deposits consisting of sandy and clayey silt. It is dominated by dwelling traces of bivalves and locomotion 
traces of gastropods, with subordinate occurrences of dwelling traces of polychaetes and grazing and locomotion traces of 
crabs. The holothurian ichnocoenose is present from 2100 to more than 3900 m from the shore, corresponding to the sandiest, 
most seaward end of the tidal flat. This ichnocoenose is dominated by feeding and grazing traces of synaptid holothurians; 
gastropod locomotion traces and bivalve dwelling structures are also present. All the ichnocoenoses belong to the Cruziana 
ichnofacies, demonstrating the presence of this archetypal association in tidal flats. 

Reference: Frey et al. (1987a, b). 



deposits, the sedimentary fabric is commonly obliterated by 
root traces. The cordgrass Spartina is by far the most wide- 
spread plant in many supratidal marsh settings, and its root 
traces are pervasive (e.g. Edwards and Frey, 1977; Basan and 
Frey, 1977; Pomeroy et al., 1981; Montague et ah, 1981). 
In mangroves, root networks of Avicennia, Rhizopora, and 
Sonneratia are extremely widespread (Cadee, 1998). Animal 
traces include elements of the Psilonichnus ichnofacies (Frey 
and Pemberton, 1987). Gastropods and crustaceans (mainly 



crabs) are among the most important marine representatives. 
The supratidal zone grades landwards into a wide variety of 
terrestrial environments characterized by different trace-fos- 
sil assemblages that are mostly included in the Scoyenia and 
Coprinisphaera ichnofacies, being insects the most import- 
ant tracemakers (Buatois and Mangano, 1995b; Genise et al., 
2000) (see Section 7.1.1). Vertebrates, mostly mammals, rep- 
tiles and birds, also produce a wide variety of structures (Frey 
and Pemberton, 1986). 
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Figure 7.15 Schematic reconstruction of trace-fossil distribution in tide-dominated shallow-marine environments. The supratidal marsh may be intensely 
bioturbated by root traces (Rt). Psilonichnus (Ps) may be present also. Deposit-feeder traces, such as Planolites (PI), Psammichnites (Ps), Cruziana (Cr), 
Pwtovirgularia (Pr), and Lockeia (Lo) tend to dominate in the mud flat. The mixed flat is similar to the mud flat, but other ichnotaxa may be added mostly 
along mudstone-sandstone interfaces, including Rusophycus (Ru), Palaeophycus (Pa), and Bergaueria (Be). The sand flat is highly variable depending on 
the tidal regime. Ophiomorpha (Op), Arenicolites (Ar), Diplocraterion (Di), Skolithos (Sk), and Planolites (PI) are common. Associated intertidal channel 
deposits are less bioturbated and display less ichnodiversity, Planolites (PI), Gyrolithes (Gy), and Skolithos (Sk) being common forms. ShaUow-subtidal sand- 
bodies typically contain vertical burrows, such as Ophiomorpha (Op), Diplocraterion (Di), and Arenicolites (Ar). These sandbodies tend to grade seaward into 
fine-grained offshore deposits containing diverse ichnofaunas. Typical components are Arenicolites (Ar), Bergaueria (Be), Planolites (PI), Curvolithus (Cu), 
Protovirgularia (Pr), Lockeia (Lo), Phycodes (Pc), Thalassinoides (Th), Rhizocorallium (Rh), Ro.s.selia (Ro), Teichichnus (Te), and Phycosiphon (Ph). 



7.2.2 MUD FLAT 

The upper zones of the tidal flat, referred to as the mud flat, 
are dominated by deposition of fine-grained suspended sedi- 
ment. Mud deposition is also promoted by clay flocculation 
and biodeposition in the form of the production of fecal pel- 
lets and pseudofeces (de Boer, 1998; Augustinus, 2002; Potter 
et al., 2005). Mud-flat deposits consist of laminated or massive 
mudstone with rare siltstone and very fine-grained sandstone 
interbeds and interlaminae. Lenticular bedding is the domin- 
ant bedding style. Scarcity of sandstone layers commonly pre- 
cludes preservation of biogenic structures. Discrete trace fossils 
are relatively rare, and an indistinct mottled texture (most likely 
Planolites) is common instead. However, interface trace fossils 
of the Cruziana ichnofacies, such as Cruziana, Rusophycus, 
Psammichnites, Lockeia, and Protovirgularia, can be preserved 



in the sporadic sandstone intercalations (e.g. Mangano et al., 
2002a). These occurrences may record either a wide environ- 
mental range of the producers, or short-term incursions into 
this zone. High-density trace-fossil assemblages produced by 
vagile organisms most likely reflect landward migrations from 
the lower-intertidal zone, rather than upper-intertidal inhabit- 
ants (Mangano et al., 2002a). These migrations are probably 
regulated by tidal cyclicity in connection with the search for 
food. Also, simple grazing trails, such as Helminthopsis and 
Helminthoidichnites, may occur in connection with microbial 
mats. Vertebrate traekways are also common in tide-domi- 
nated shorelines, particularly in supratidal to upper-intertidal 
zones. Vertebrate trackway assemblages in tidal flats typically 
illustrate some of the ichnocoenoses of the Brontopodus and 
Batrachichnus ichnofacies (Hunt and Lucas, 2007). 




Ichnology of shallow-marine clastic environments 



144 



Box 7.2 Ichnology of Lower to Middle Cambrian tide-dominated shallow-marine deposits of northwest Argentina 

The Campanario Formation of the upper Lower to Middle Cambrian Meson Group of northwest Argentina records 
deposition in tide-dominated shallow-marine environments characterized by extensive tidal-flat areas flanked seawards by 
subtidal-sandbar complexes. Shallow-subtidal and intertidal sand-flat deposits are dominated by vertical domiciles of sus- 
pension feeders and passive predators, such as Skolithos linearis, Arenicolites isp., and Diplocraterion parallelum, illustrating 
the Skolithos ichnofacies. Sand-flat deposits also contain high-density occurrences of the ichnogenus Syringomorpha, com- 
monly forming monospeciflc assemblages. Clusters of Rusopliycus leifeirikssoni are locally present. Although vertical burrows 
(Skolithos linearis, Syringomorpha nilssoni) are present in the mixed-flat facies, the dominant form is Rusophycus leifeirikssoni. 
Other ichnotaxa include Cruziana problematica, Rusophycus carbonarius, large Rusophycus isp., Diplichnites isp., Planolites 
isp., Palaeophycus tubularis, Helminthoidichnites tenuis, and Bergaueria cf B. perata. In contrast to the sand flat, the mixed 
flat is dominated by horizontal feeding, locomotion and resting trace fossils, recording a relatively low-diversity Cruziana 
ichnofacies. Trace fossils are rare in the mud-flat deposits, mostly represented by Planolites isp. and indistinct mottling. The 
six ichnoguilds (Cruziana problematica, Palaeophycus, Bergaueria, Rusophycus leifeirikssoni, Syringomorpha, and Skolithos) 
defined show a preferential palaeoenvironmental distribution following proximal-distal trends (Fig. 7.16). Although there is 
some superimposition, deep-tier ichnoguilds tend to occur in the higher-energy, seaward distal portions (i.e. shallow-subtidal 
to intertidal transition and sand flat). Middle- and shallow-tier ichnoguilds are dominant in the moderate- to low-energy, 
proximal regions (i.e. mixed flat). This resultant pattern of distribution of biogenic structures is shaped by the interplay of key 
environmental parameters (hydrodynamic energy, substrate and food supply) overprinted by a strong taphonomic control. 

Reference: Mangano and Buatois (2004b). 
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Figure 7.16 Ichnological and sedimentological model of the Campanario Formation of the Lower to Middle Cambrian Meson Group of northwest 
Argentina (after Mangano and Buatois, 2004b). 
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Figure 7.17 Invertebrate ichnofaunas from mixed-flat deposits from the Lower to Middle Cambrian Campanario Formation of the Meson Group. 
See Mangano and Buatois (2004b). (a) Bedding plane view (top) of a cluster of Rusophycus leifeirikssoni in mixed-flat deposits. Angosto del Morro de 
Chucalezna, Quebrada de Huamahuaca, northwest Argentina. Length of hammer is 33.5 cm. (b) Cross-section view of Rusophycus leifeirikssoni (Ru) 
in mixed-flat deposits. Note associated synaeresis cracks (Sc). Angosto del Morro de Chucalezna, Quebrada de Huamahuaca, northwest Argentina. 
Coin is 2.3 cm. 



7.2.3 MIXED FLAT 

Middle-intertidal areas (mixed flat) are typified by sedimen- 
tation from traction alternating with fallout from suspension. 
Deposits consist of thinly interbedded wave- and current-rip- 
ple cross-laminated very fine-grained sandstone and massive 
or parallel-laminated mudstone. Heterolithic bedding is typ- 
ical, mostly represented by flaser and wavy bedding. Wrinkle 
marks associated with relict troughs are locally common (e.g. 
Mangano et ai, 2002a). Flat-topped ripples and washout struc- 
tures may occur. Elements of the Cruziana ichnofacies are 
characteristic of the mixed flat (Fig. 7.17a-b). Alternation of 
sandstone and mudstone layers enhances preservation of hori- 
zontal interface traces, such as those that typify the Cruziana 
ichnofacies. Common components are Cruziana, Rusophycus, 
Psammichnites, Protovirgularia, Lockeia, Palaeophycus, 
Planolites, Helminthopsis, Helminthoidichnites, and Bergaueria. 
Clusters of Rusophycus are common in lower Paleozoic tid- 
al-flat deposits (Mangano and Buatois, 2004b) (Fig. 7,17a). 
Vertebrate trackways are commonly preserved in sandy layers 
of the middle-intertidal zone. Mesozoic examples include spec- 
tacular dinosaur tracks, commonly forming megatracksites (e.g. 
Lockley et al., 1992; Avanzini et al., 2006) (Fig. 7.18a-d). 

7.2.4 SAND FLAT 

Sedimentation in the lower zones of the tidal flat, referred to 
as the sand flat, is dominated by bedload traction of sand- 
sized sediment. As is the case of the lower shoreface in wave- 
dominated shorelines (MacEachern and Pemberton, 1992), 
the sand flat is the most variable intertidal zone in terms of 
both sedimentary facies and trace-fossil content. Whereas the 
character of deposits in the lower shoreface mostly depends 
on the intensity and frequency of storms (see Section 7.1.5), 
those of the lower tidal flat are essentially controlled by the 
intensity of tidal currents (Mangano and Buatois, 2004a). 



Macrotidal and megatidal regimes are characterized by high 
current speeds and, therefore, migration of large-scale bedforms 
(i.e. two-dimensional and three-dimensional dunes) is the dom- 
inant process (Dalrymple, 1992; Dalrymple and Rhodes, 1995; 
Boyd et al., 2006). Deposits consist of thick-bedded, through 
and planar cross-bedded eoarse- to fine-grained sandstone. 
Medium- to very fine-grained sandstone with upper-flow regime 
horizontal planar parallel lamination and rare current ripples 
also occurs in macrotidal and megatidal regimes (Dalrymple 
et al., 1990; Dalrymple, 1992; Dalrymple and Choi, 2007). 
Under macrotidal and megatidal conditions, the lower-intertidal 
zone is very difficult to distinguish from subtidal areas. Fligh 
energy and rapidly migrating bedforms generally preclude the 
establishment of a mobile epifauna and shallow infauna, inhib- 
iting development of the Cruziana ichnofacies. Bioturbation 
typically consists of vertical burrows of suspension feeders or 
passive predators, such as Skolithos (Fig. 7.19a), Ophiomorpha, 
Arenicolites (Fig. 7.19b), and Diplocraterion (Fig. 7.19c), rep- 
resenting the Skolithos ichnofacies. In Cambrian examples, the 
ichnogenus Syringomorpha may occur in high densities (Fig. 
7.19d). Assemblages reflect short-term colonization windows 
along reactivation surfaces (Pollard et al., 1993; Mangano et al., 
1996b; Mangano and Buatois, 2004b). If mud drapes formed 
during slack water are preserved, they may contain Planolites. 

Under tidal currents of lower intensity, the migrating bed- 
forms are small current ripples. Deposits consist of current- 
ripple cross-laminated fine- to very-fine grained sandstone. 
Flat-topped ripples, washout structures, and wrinkle marks 
are common. Low energy coupled with short periods of sub- 
aerial exposure allows development of a diverse resident fauna. 
As a result, these tidal flats contain high-diversity assem- 
blages of the Cruziana ichnofacies (Mangano et al., 2002a; 
Mangano and Buatois, 2004a). A wide variety of ethological 
groups and trophic types are represented. Common elements 
are Cruziana (Fig. 7.20a), Rusophycus, Asteriacites (Fig. 7.20a), 
Pentichnus, Psammichnites, Curvolithus (Fig. 7.20b), Nereites 
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Figure 7.18 Dinosaur tracks in tid- 
al-flat deposits. Lower Cretaceous, 
Dakota Group, Alameda Avenue, 
west of Denver, Colorado, United 
States, (a) General view of a sand- 
stone top with large ornithopod 
trackways (Caririclmium leonar- 
dii) and small theropod trackways 
(Magnoavipes loewi, arrowed). Scale 
bar is 50 cm. (b) The ornithopod 
trackway Caririclmium leonardii. 
Scale bar is 50 cm. (c) Close up of 
an ornithopod track (Caririclmium 
leonardii). Scale bar is 5 cm. (d) 
Close up of a theropod track 
(Magnoavipes loewi). Scale bar is 
5 cm. See Lockley (1987, 2001, 
2003) and Lockley et al. (2001). 



(Fig. 7.20c), Lockeia (Fig. 7.20d), Protovirgularia (Fig. 7.20e-t), 
Palaeophycus, and Planolites. 

7.2.5 TIDAL CHANNELS AND CREEKS 

Tidal-flat deposits are commonly dissected by a network of 
meandering tidal channels and creeks that migrate across 
the intertidal zone, producing lateral accretion in point bars 
(Reineek, 1958; Bridges and Leeder, 1976; Weimer et al., 1981; de 
Mowbray, 1983; Thomas et al, 1987; Dalrymple, 1992; Gingras 
et al, 1999b). This process results in the formation of inclined 
heterolithic stratification (Thomas et al., 1987). In the muddy 
upper-intertidal zones, channels are small to medium size, but in 



the lower sandy areas, they tend to coalesce forming wider and 
deeper channels (Dalrymple, 1992). The degree of bioturbation 
is lower in the point bars than in tidal flats, most likely reflecting 
higher rates of sedimentation along unstable channel margins (cf 
Gingras et al. 1999b; Mangano et al. 2002a) (see Section 8.1.2). 

7.2.6 SUBTIDAL SANDBARS AND TIDAL DUNES 

The subtidal zone of tide-dominated shallow-marine environ- 
ments is characterized by maximum energy with high-current 
velocities (Dalrymple, 1992). Large-scale bedforms, such as 
dunes and compound dunes, migrate across the subtidal areas, 
forming sandbars in the form of sheets and ridges. Deposits 
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Figure 7.19 Ichnofaunas from high-energy sand-flat deposits from the Lower to Middle Cambrian Campanario Formation of the Meson Group. See 
Mangano and Buatois (2004b). (a) Bedding-plane view of a high-density assemblage of Skolithos linearis (pipe rock) at a rippled sandstone surface. 
Angosto de Perchel, Quebrada de Fluamahuaca, northwest Argentina. Lens cap is 5.5 cm. (b) Deep Arenicolites isp. Angosto de Perchel, Quebrada 
de Huamahuaca, northwest Argentina. Lens cap is 5.5 cm. (c) General view of the top of a rippled sandstone showing high density of Diplocraterion 
parallelum. Note associated cracks. Quebrada de Moya, northwest Argentina. Coin is 1.8 cm. (d) Syringomorpha isp. pipe rock. Angosto del Morro 
de Chucalezna, Quebrada de Fluamahuaca, northwest Argentina. Lens cap is 5.5 cm. 



consist of erosionally based, laterally extensive, well-sorted, pla- 
nar to trough cross-stratified coarse- to fine-grained sandstone. 
Reactivation surfaces are common, while herringbone cross- 
stratification and mud drapes may be loeally present. In modern 
subtidal areas, few benthic species are able to survive in zones of 
actively migrating bedforms (Wilson, 1982, 1986). Aceordingly, 
faunal diversity inereases toward areas with smaller bedforms, 
and in the outer regions where dunes are replaced by small ripples 
and increasing amounts of mud. Studies of marine benthic ecol- 
ogy also show that suspension feeding is the dominant trophic 
type in high-energy subtidal environments (Wilson, 1982). 

As in the case of high-energy sand flats, vertical trace fossils 
of the Skolithos ichnoiacies, such 2 l& Arenicolites {Fig. 7.21a and 
d), Skolithos (Fig. 7.21b-d) and Diplocraterion, are dominant, 
commonly extending down into the sediment from reactivation 
surfaces (e.g. Pollard et al, 1993; Desjardins et al., 2010a). The 
ichnogenus Rosselia (Fig. 7.21d) may occur as a response to 
prolonged periods of sandbar inactivity and suspended mud in 
the water column (Desjardins etal., 2010a). Vertical burrows are 
preferentially preserved in high-energy subenvironments, while 
shallow-tier horizontal traces have low preservation potential, 
providing a biased picture of the ecology of subtidal sandbars 
and dunes (Desjardins et al., 2010a). Feeding and locomotion 
traces of deposit feeders, such as Teichichnus, Planolites, and 



Rusophycus, tend to be preserved in those deposits formed at 
the toe of the subtidal sandbar complex (Desjardins et al., 
2010a). Subtidal sandbars and tidal dunes grade seaward into 
lower-offshore or shelf muds, commonly characterized by the 
Cruziana or the Zoophycos ichnofaeies. 

7.3 MIXED TIDE- AND WAVE-INELUENCED 
SHORELINES 



While integrated sedimentological and ichnological models have 
been established for wave- and tide-dominated shorelines, our 
knowledge of intermediate eases in which both tides and waves 
influence deposition is much more limited. However, a growing 
literature on sedimentological aspects of modern mixed tide- 
and wave-influenced shorelines is beginning to accumulate (e.g. 
Short, 1991; Masselink and Short, 1993; Masselink and Hegge, 
1995; Anthony and Orford, 2002; Yang et al., 2005, 2006, 
2008a, b; Dashtgard et al., 2009, 2011). Still, no detailed ichno- 
logical accounts of these deposits have been produced and their 
recognition in the stratigraphic record remains a challenge. In 
addition, the distinction between tide- and wave-dominated sys- 
tems gets further complicated beeause many systems show sea- 
sonal alternations of wave and tidal dominanee. For example. 
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Figure 7.20 Ichnofaunas from 
low-energy sand-flat deposits in 
the Upper Carboniferous, Stull 
Shale of the Kanwaka Formation, 
Waverly fossil site, Kansas, cen- 
tral United States. See Mangano 
et at. (2002a). (a) Sandstone base 
showing Asteriacites lumbricatis 
displaying lateral repetition and 
high density of Cruziana prob- 
lematica. (b) Sandstone top with 
Curvolithus simplex, (c) Sandstone 
top with Nereites missouriensis. 
(d) Base of sandstone bed con- 
taining Lockeia siliquaria. Coin is 
1.8 cm. (e) Dense assemblage of 
Prolovirgularia rugosa and associ- 
ated resting traces (Lockeia isp.) on 
the upper surface of a sandstone 
bed. Note preservation as nega- 
tive epireliefs in Chevronichnus-like 
fashion, (f) Base of sandstone layer 
containing Protovirgularia bidirec- 
tionalis display V-shaped markings 
with opposite directions meeting at 
a central point. Note that the direc- 
tion of movement is from the center 
to the ends. All scale bars are 1 cm. 



Yang et al. (2005) documented modern coastlines that alternate 
between tide dominated during summer and wave dominated 
during winter. Mixed tide- and wave-influenced shorelines can 
be subdivided into wave-dominated tidal flats (i.e. open-coast 
tidal flats) and tidal beaches (i.e. tidally modulated shorefaces), 
with the latter showing increased influence of wave processes 
(Boyd et al., 1992; Yang et al., 2005; Dashtgard et al., 2009). In 
these mixed systems, storm sedimentation is tidally modulated 
(Yang et al., 2008a). 



7.3.1 WAVE-DOMINATED TIDAL ELATS 

Wave-dominated tidal flats have been mostly described from 
the central west coast of Korea, which is relatively straight and 
macrotidal (Yang et al., 2005, 2006, 2008a), in contrast to the 
typical tidal flats of the north and south west coast which occur 



in embayed coasts (Frey et al, 1987a, b). In contrast to classic, 
more sheltered tidal flats (see Section 7.2), wave-dominated tidal 
flats only locally display mud flats and salt marshes, and typic- 
ally fine seaward. The central west coast is tide dominated during 
summer and wave dominated during winter, with wind seasonal- 
ity controlled by a monsoonal regime (Yang et al, 2005). 

In the locally developed inner mud flat, thin storm sand units 
form during winter and early spring, while mud accumulates 
during summer and fall. Bioturbation during the summer and 
fall intensely affects mud-flat deposits, including the winter and 
spring sandy layer, displaying a lam-scram pattern, but ichno- 
diversity levels are low (Yang et ah, 2008a). The shallower part 
of the sand flat is dominated by ripple-cross lamination and 
low-angle inclined lamination during the winter. Mud drapes 
may form during slack water in the spring. Vertical burrows, 
such as Skolithos, Lingulichnus, and Siphonichnus, are dom- 
inant, locally displaying moderate bioturbation intensities; 



7.3 Mixed tide- and wave-influenced shorelines 



149 




Figure 7.21 Ichnofauiias from subtidal-sandbar deposits, (a) Arenicolites isp. penetrating a medium-grained sandstone interpreted as a subtidal-sandbar deposit. 
Middle Cambrian, Flathead Formation, Absaroka Range, northwest Wyoming, north-central United States. Lens cap is 5.5 cm. (b) Skolithos linearis penetrating 
from a colonization surface at the foreset of a sandbar. Lower Cambrian, Fort Mountain Formation, Gog Group, Mount Assiniboine, Canadian Rockies, west- 
ern Canada. Scale bar is 10 cm. See Desjardins et al. (2010a). (c) Bedding surface view of a high-density association of Skolithos linearis at the front of a subtidal 
sandbar. Lower Cambrian, Fort Mountain Formation, Gog Group, Mount Assiniboine, Canadian Rockies, western Canada. See Desjardins et al. (2010a). 
(d) Rosselia isp., Skolithos linearR, and Arenicolites isp. associated with various colonization surfaces in a subtidal sandbar. Lower Cambrian, Wiwaxi 
Peaks Member, St. Piran Formation, Gog Group, Larch Valley, Canadian Rockies, western Canada. Scale bar is 5 cm. See Desjardins etal. (2010a). (e) Moderately 
bioturbated subtidal sandbar-toe heterolithic deposits with Planolites and synaeresis cracka Lower Cambrian, St. Piran Formation, Gog Group, Lake O’Flara, 
Canadian Rockies, western Canada. Coin is 2.6 cm. See Desjardins et al. (2010a). (f) Close up of subtidal sandbar-toe heterolithic deposits showing sparse 
Planolites. Lower Cambrian, St. Piran Formation, Gog Group, Lake O'Flara, Canadian Rockies, western Canada. Coin is 2.6 cm. See Desjardins et al. (2010a). 



Macaronichnus may be present locally, as well as Ophiomorpha 
and Thalassinoides. Hummocky cross-stratification and paral- 
lel lamination are the dominant structures in the winter sandy 
beds of the middle and outer part of the sand flat. Bioturbation 



is extremely rare in the winter beds and typically restricted to 
sparse polychaete vertical burrows and escape traces. Landward 
migrating climbing ripples tend to characterize the spring 
interval, while summer layers are typified by wave-ripple cross- 
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laminated sands and muds. Summer deposits are sparsely bio- 
turbated, containing Conichnus, Palaeophycus, Siphonichnus, 
Asterosoma, and local high densities of Macaronichnus. 

The overall intensity of bioturbation increases in a landward 
direction because of decreasing wave energy (Yang et ciL, 2005). 
However, bioturbation levels across the whole tidal flat are gen- 
erally low as a result of high rates of sedimentation and episodic 
high-energy conditions (Yang et al., 2008a). On the other hand, 
a landward decrease in ichnodiversity, most likely as a result of 
increased duration of exposure, has been proposed. Also, the 
alternation of storms and fair-weather periods is conducive to 
a bimodal style of bioturbation characterized by unburrowed 
intra-storm mud drapes and more bioturbated fair-weather 
deposits. These authors noted that the bioturbation style in the 
lower sand flat is similar to that of the upper shoreface of wave- 
dominated shorelines. In addition, they suggested that the inner 
sand flat contains a mixed Skolithos-Cruziana ichnofacies, but 
of lower diversity than that of offshore environments. 

The absence of further case studies prevents any attempt at gen- 
eralization. However, itseemsthatichnologically wave-dominated 
tidal flats share aspects of both wave-dominated shorefaces and 
tide-dominated tidal flats. The alternation of unburrowed or 
sparsely bioturbated intervals with intensely bioturbated units 
is typical of the former due to the effects of storms (Pemberton 
and Frey, 1984a). On the other hand, the intense bioturbation in 
the inner mud zone and the presence of a Skolithos ichnofacies 
seaward of an assemblage containing elements of the Cruziana 
ichnofacies is characteristic of typical tidal flats (Mangano 
and Buatois, 2004a). As a result of intense wave erosion on the 
high-tide beach face, the Glossifungites ichnofacies may occur, 
cross-cutting previously emplaced softground trace-fossil suites 
(Yang et al., 2009). Additional studies are necessary to delineate 
a set of criteria that allow recognition of wave-dominated tidal 
flats in the fossil record. 

7.3.2 TIDAL BEACHES 

Tidal beaches have been mostly documented from the central 
Queensland coast of Australia (Short, 1991; Masselink and 
Hegge, 1995), and more recently from Waterside Beach in the Bay 
of Fundy of Eastern Canada (Dashtgard et ah, 2009). In con- 
trast to wave-dominated shorefaces, sediments of tidal beaches 
deposited in water depths equivalent to the upper, middle, and 
lower shoreface are regularly subjected by different wave proc- 
esses and, in the case of macrotidal and megatidal regimes, the 
shoreface may be exposed during low tides (Dashtgard et al., 
2009). In contrast to tide-dominated tidal flats, tidal beaches 
show a seaward decrease in grain size. 

Backshore deposits consist of eolian sand dunes and 
washover fan sands and gravels, and are characterized by ele- 
ments of the Psilonichnus ichnofacies (Dashtgard et al., 2009). 
Foreshore deposits of tidal beaches are typically unburrowed 
and dominated by gravels and sands with subparallel to low- 
angle cross stratification formed due to swash and backwash 
processes in the upper-intertidal area; eolian processes may also 



play a role (Masselink and Hegge, 1995; Dashtgard et al., 2009). 
The upper shoreface corresponds to the middle-intertidal zone, 
and may contain both sand and gravel with through and planar 
cross-bedding as the dominant structures, as a result of swash 
and surf processes. Bioturbation is moderate and dominated by 
elements of the Skolithos ichnofacies (Dashtgard et ah, 2009). 
The lower shoreface of tidal beaches corresponds to the lower- 
intertidal to shallow-subtidal zone, and is extremely variable 
with respect to grain size and physical sedimentary structures. 
It is essentially dominated by surf zone and shoaling wave proc- 
esses (Masselink and Hegge, 1995). Fine-grained deposits con- 
sist of fine- and very fine-grained sand and silt with abundant 
oscillatory structures (e.g. hummocky cross-stratification, wave 
ripples). Coarse-grained deposits consist of medium-grained 
sand to gravel in which evidence of oscillation alternates with 
current-generated structures (e.g. trough and planar cross-bed- 
ding). Although the Cruziana ichnofacies dominates the lower 
shoreface of tidal beaches, its diversity is reduced and no elab- 
orate grazing or feeding structures occur, illustrating the prox- 
imal subdivision of this ichnofacies (Dashtgard et al., 2009). 
The offshore in this type of system falls within the subtidal 
zone, and is controlled by shoaling wave processes (Masselink 
and Hegge, 1995). Deposits are fine-grained, mostly consisting 
of parallel-laminated silt and sand, being characterized by a 
proximal Cruziana ichnofacies (Dashtgard et al., 2009). 

As in the case of the wave-dominated tidal flats, the scarcity 
of case studies prevents generalizations. In addition, the more 
detailed ichnological and sedimentological analysis of a tidal 
beach corresponds to Waterside Beach in the Bay of Fundy of 
Eastern Canada (Dashtgard et al., 2009) and, therefore, fac- 
tors other than those typical of open-marine coasts may have 
influenced the benthic fauna (e.g. salinity dilution), further 
complicating the proposal of a more general model. While wave- 
dominated tidal flats share aspects of both wave-dominated 
shorefaces and tide-dominated tidal flats from an ichnological 
perspective, tidal beaches seem to have little in common with 
the latter and mostly resemble wave-dominated shorefaces. The 
proximal-distal ichnofacies gradient in tidal beaches follows 
that of wave-dominated shorefaces rather than tide-dominated 
tidal flats (Mangano and Buatois, 2004a). However, and in con- 
trast to wave-dominated shoreface, no archetypal Cruziana is 
present in tidal beaches, and diversity levels and degree of bio- 
turbation are reduced (Dashtgard et al., 2009). 

7.4 MUDDY SHORELINES 



Muddy shorelines typically form in protected regions, such as 
bays and lagoons (see Section 8.2). Also, they occur along the 
open coast forming extensive mud flats in tide-dominated shal- 
low-marine environments (see Section 7.2.2). However, they may 
also form along open coasts if the supply of suspended sedi- 
ment is enough to dampen inshore wave power and tidal cur- 
rents (Potter et al., 2005). These muddy coasts are particularly 
common downcurrent from fine-grained delta systems. However, 
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because muddy shorelines may extend far away from the delta 
mouth (e.g. 1600 km northwest of the Amazon mouth), they will 
be addressed herein in the context of shallow-marine open envi- 
ronments rather than in the delta section. 

Open-coast mudbelts are relatively well documented in mod- 
ern environments, such as Surinam (Augustinus, 1978; Rine 
and Ginsburg, 1985; Allison and Nittrouer, 1998) and western 
Lousiana (Beall, 1968; Penland and Suter, 1989). Most of the 
muddy shoreline fauna most likely derived from offshore soft- 
ground biotopes (Fortes, 2002). Biotic interactions, particularly 
competition among species, may be quite severe along muddy 
coasts, although this is not necessarily conducive to reduced 
diversity, which is essentially a function of physical stress 
(Fortes, 2002). Information from modern environments indicates 
that organisms living on muddy shorelines are typically calm- 
water species, and are affected by a number of stress factors, 
such as soupy substrates and rapid deposition of mud (Potter 
et al, 2005). As a result, the diversity of biogenic structures is 
rather low and bioturbation tends to be sparse. Interestingly, 
muddy shorelines seem to display significant spatial heterogen- 
eity. On the Surinam muddy coast, rapidly migrating mudbanks 



oriented obliquely to the shore are formed by fluid mud whose 
low strength essentially precludes bioturbation (Potter et al., 
2005). Between these banks, more consolidated mud is formed 
and more intense bioturbation occurs. 

Although relatively widespread in modern environments, 
muddy shorelines have remained almost unnoticed in the fossil 
record and, therefore, palichnological information is virtually 
absent. A notable exception is that of Hovikoski et al. (2008), 
who documented ichnological and sedimentological aspects of 
Cretaceous deposits interpreted as being formed in a muddy 
shoreline based on core data. These authors set up a number of 
preliminary criteria that may help in the recognition of ancient 
muddy coasts, including (1) high content of terrestrially derived 
organic matter; (2) soupy substrates and fluid-mud intervals, 
which are unburrowed or contain highly deformed trace fossils; 
(3) high and/or variable depositional rates, resulting in low and/ 
or fluctuating intensity of bioturbation; (4) reduced ichnodiver- 
sity and trace-fossil size; (5) dominance of monospecific suites; 
(7) morphologically simple trace fossils; (8) micro-laminated 
shale; and (9) abundant erosional features, such as shale-on- 
shale erosional contacts and scour-and-fill structures. 
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“Is there any other point to which you would wish to draw my attention?” 
“To the curious incident of the dog in the night-time.” 

“The dog did nothing in the night-time.” 

“That was the curious incident,” remarked Sherlock Holmes. 

Sir Arthur Conan Doyle 
“Silver Blaze” (1892) 



Marginal-marine environments represent one of the most suc- 
cessful areas of ichnological research. These environments com- 
prise a wide variety of coastal settings characterized by rapid 
environmental perturbations, typically salinity changes, but 
also increased sediment discharge and extreme clay flocculation, 
among many other controls. These different factors generate 
stressful conditions that strongly affect benthic biotas, impart- 
ing clearly detectable signals in the ichnological record (e.g. 
Pemberton and Wightman, 1992; MacEachern and Pemberton, 
1994; Buatois et al., 1997b; Mangano and Buatois, 2004a; 
MacEachern and Gingras, 2007). Ichnology is a powerful tool 
to differentiate deposits formed under marginal-marine condi- 
tions from those that accumulated in fully marine settings. In this 
chapter we review the ichnology of different marginal-marine 
environments, visiting estuaries, bays, deltas, and Ijords. 

8.1 ESTUARIES 



Dalrymple et al. (1992) defined an estuary as “the seaward por- 
tion of a drowned valley system which receives sediment from 
both fluvial and marine sources and which contains facies influ- 
enced by tide, wave, and fluvial processes. The estuary is consid- 
ered to extend from the landward limit of tidal facies at its head 
to the seaward limit of coastal facies at its mouth”. In this defin- 
ition, the term estuary is restricted to incised valley systems (see 
Section 12.5.2). However, in subsequent work a wider definition 
was adopted, allowing consideration of abandoned areas of the 
delta plain (destructive phase of deltas during transgression) as 
estuaries (Dalrymple, 2006). 

The distinction between open-marine deposits of regional scale 
and marginal-marine deposits occupying estuarine systems is one 
of the areas of applied ichnology in which trace fossils have been 
most extensively used. Integrating ichnological information, and 
sedimentological and stratigraphic evidence is critical in discrim- 
inating between both types of environments. Several recent stud- 
ies have led to reinterpretation of a great number of successions 
that were previously regarded as open-marine successions but are 
now considered to be estuarine in nature (e.g. Buatois et al., 1999). 
Ichnological data have proved decisive for new interpretations as 



the key to the identification of these environments lies in recog- 
nizing particular ichnofossil assemblages developed under stress 
conditions resulting from the dilution of seawater, resulting in 
the brackish-water model, extensively applied in the oil industry. 
These characteristics allow identification of anomalous ichnofau- 
nas (typical of marginal-marine brackish environments), which, 
in contrast to open-sea associations, usually exhibit a lower var- 
iety and abundance of forms (see Section 6.1.4). Also, the pres- 
ence of typical marine ichnotaxa (e.g. Teichichnus, Asteriacites, 
Psammichnites) has been successfully used to detect marine 
influence in coastal-plain successions (e.g. Hakes, 1976, 1985; 
Miller and Knox, 1985; Ranger and Pemberton, 1988; Miller and 
Woodrow, 1991; Mangano et al., 1999). 

It should be noted, however, that brackish-water conditions 
are not exclusive of estuarine systems, being also present in 
other depositional settings (e.g. delta plains, distributary mouth 
bars) (Dalrymple and Choi, 2007). On the other hand, the inner 
zone of estuarine systems is commonly characterized by fresh- 
water conditions (Buatois et al., 1997b). Trace-fossil analysis 
aids not only in the recognition of estuarine deposits, but also 
delineation of different clastic facies within the estuarine valley. 
Estuaries have been classified into two main groups, wave-domi- 
nated and tide-dominated estuaries (Dalrymple et al., 1992); the 
latter is a partial equivalent to the riverine estuarine valleys of 
MacEachern and Gingras (2007). Here, we address the ichnol- 
ogy of wave- and tide-dominated estuaries. 

8.1.1 WAVE-DOMINATED ESTUARIES 

Wave-dominated estuaries are characterized by a well-defined 
tripartite style of sand-to-mud-to-sand fill due to a pronounced 
spatial distribution of total energy (e.g. Zaitlin and Shultz, 
1990). Therefore, wave-dominated estuaries comprise three main 
zones: (1) an outer zone dominated by marine processes; (2) a cen- 
tral zone where marine energy is dissipated by fluvial currents; and 
(3) an inner, river-dominated zone (Rahmani, 1988; Dalrymple 
et al., 1992). As a result of energy distribution, these systems con- 
sist of: (1) a high-energy inner zone dominated by the discharge of 
fluvial tributaries (bay-head delta); (2) a low-energy middle zone, 
characterized by fine-grained deposition (central basin); and (3) a 



152 



8.1 Estuaries 



153 



Bay-head delta 



Estuary mouth 




Figure 8.1 Schematic reconstruction 
of trace-fossil distribution in wave- 
dominated estuaries. Bay-head delta 
deposits are sparsely bioturbated and 
may contain a few ichnotaxa, typic- 
ally Cylindrichnus (Cy), Palaeophycus 
(Pa), Ophiomorpha {Op), Teichichnus 
(Te), and Skolithos (Sk). Central- 
basin deposits also are sparsely bio- 
turbated, and contain low-diversity 
suites, Planolites (PI), Teichichnus 
(Te), and Thalassinoides (Tit) being 
common components. Ophiomorpha 
(OP) and Rosselia (Ro) may be pre- 
sent. Estuary-mouth deposits tend 
to display more ichnodiversity and 
intensity of bioturbation, including 
Cylindrichnus (Cy), Palaeophycus 
(Pa), Ophiomorpha (Op), Thalass- 
inoides (Th), Diplocraterion (Di), 
Rosselia (Ro), Asterosoma (As), 
Planolites (PI), and Skolithos (Sk). 



Box 8.1 Ichnology of a Lower Cretaceous wave-dominated estuary, the Viking Formation of subsurface Alberta, Canada 

Recognition of estuarine deposits in the Lower Cretaceous Viking Formation of the Western Canada Sedimentary Basin had 
profound implications in petroleum exploration and reservoir characterization. The Viking has been previously interpreted as 
deposited in shoreface environments. However, the discovery of a number of fields (e.g. Crystal) running perpendicular to the 
paleoshoreline proved to be a challenge to the shoreface model. These fields were then interpreted as estuarine valley fills, and 
ichnology played a major role in the shaping of this new model. Detailed sedimentological and ichnological studies of cores 
from the Viking Formation indicated that these fields were actually wave-dominated estuaries. Deposits lateral and underlying 
Viking valley deposits are characterized by highly diverse ichnofaunas, which contrast with the more impoverished assemblage 
that typified the estuarine deposits. In addition, the estuarine ichnofauna is characterized by the dominance of opportunistic 
suites, and variable and sporadic distribution of bioturbation. The typical tripartite facies distribution of wave-dominated estu- 
aries is well illustrated in these Viking fields. Bay-head delta deposits contain sporadic bioturbation as a result of extreme stress 
conditions. Central-basin deposits, although displaying sporadic bioturbation, reduced size and low ichnodiversities, may contain 
locally more elaborate and specialized feeding and grazing trace-fossils indicative of periods of less stressful salinity conditions. 
Estuarine-mouth deposits show a clear increase in ichnodiversity. Opportunistic strategies are dominant on the estuary side of 
the mouth, while climax ichnofaunas dominate on the seaward side of the estuary mouth. Reincision of channel facies at the top 
of the Viking valleys has been documented suggesting renewed sea-level fall. These deposits show an alternation of burrowed and 
unburrowed beds, most likely reflecting a combination of alternating freshwater and brackish-water conditions, and high energy 
due to dune migration. Studies in the Viking have been instrumental in the elaboration of the brackish-water model. 

Reference: MacEachern and Pemberton (1994). 



marine sand-plug formed at the seaward, high wave-energy end of 
the valley (estuary mouth) (Fig. 8.1) (Box 8. 1). 

Bay-head deltas are extremely stressful environments, being 
characterized by low salinity values and high sedimentation 
rates. These deposits are typically unbioturbated to sparsely 
bioturbated, with burrows displaying a tendency to concentrate 



on top of sandstone beds; ichnodiversity is very low (e.g. 
MacEachern and Pemberton, 1994; Buatois et ai, 1999, 2002b; 
MacEachern and Gingras, 2007). Trace-fossil assemblages tend 
to be dominated by dwelling structures of suspension feeders, 
such as Palaeophycus (Fig. 8.2a), Ophiomorpha (Fig. 8.2b), 
Skolithos (Fig. 8. 2d), Monocraterion-\\ke burrows (Fig. 8.2e), 
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Figure 8.2 Ichnofaunas from bay- 
head delta deposits as expressed in 
core. Note tendency to form mono- 
specific suites and small size, (a) 
Low density of small Palaeophycus 
(arrows) in sandstone with abundant 
mud drapes. Lfpper Carboniferous, 
Lower Morrow Sandstone, Arroyo 
Field, southwestern Kansas, 
Lfnited States. Core width is 8 
cm. See Buatois et al. (2002b). (b) 
Ophiomorpha forming a relatively 
high-density occurrence in a cross- 
bedded sandstone with mud drapes. 
Lfpper Oligocene-Lower Miocene, 
Naricual Formation, Pirital Field, 
Eastern Venezuela Basin. Core width 
10 cm. (c) Rhizocomlliiim (arrow) 
along reactivation surface in a cross- 
bedded sandstone. Upper Cretaceous, 
Escandalosa Formation, Caipe Field, 
Barinas-Apure Basin, southwestern 
Venezuela. Core width is 10 cm. 
(d) Scattered tiny specimens of Skolithos 
(arrows) in sandstone with abundant 
mud drapes. Upper Carboniferous, 
Lower Morrow Sandstone, Arroyo 
Field, southwestern Kunsas, United 
States. Core width is 8 cm. See Buatois 
el al. (2002b). (e) Isolated occurrence 
of Monocraterion-Xike, burrow (arrow) 
in a sandstone with stylolityzed mud 
drapes. Upper Carboniferous, Lower 
Morrow Sandstone, Arroyo Field, 
southwestern Kansas, United States. 
Core width is 8 cm. See Buatois et al. 
(2002b). 



and, more rarely, detritus feeders, such as Cylindrichnus of 
Rhizocorallium (Fig. 8.2c). These tend to occur in sandstone 
units commonly recording opportunistic colonization of sub- 
aqueous dunes and channels. Feeding trace fossils of deposit 
feeders are minor components, commonly present in mud- 
stone interbeds associated with pauses in sedimentation (e.g. 
Planolites, Teichichnus). Individual beds rarely contain more 
than a few ichnogenera (MacEachern and Pemberton, 1994). In 
terms of archetypal ichnofacies, bay-head deltas predominantly 
contain the Skolithos ichnofacies with minor proportions of the 
impoverished Cruziana ichnofacies. 

Central-basin settings are characterized by a combination of 
stress factors, such as brackish-water conditions, water turbid- 
ity and oxygen depletion. The degree of bioturbation is typically 
low, although some intervals may attain moderate to relatively 
intense bioturbation, reflecting slower depositional rates (e.g. 
MacEachern and Pemberton, 1994; MacEachern and Gingras, 
2007). Ichnodiversity is low; moderate diversity levels most 
likely reveal less salinity stress. Trace fossils typically occur in 
heterolithic successions displaying wavy to lenticular bedding. 
The dominant components are non-specialized feeding traces of 
deposit feeders (e.g. Planolites, Teichichnus), although dwelling 



traces of deposit feeders (e.g. Thalassinoides) and detritus feed- 
ers (e.g. Rosselia), and, more rarely, suspension feeders (e.g. 
Palaeophycus, Diplocraterion) may occur. Burrow size reduc- 
tion and synaeresis cracks are typical features in central-basin 
deposits (MacEachern and Gingras, 2007). Monospecific or 
low-diversity suites of Planolites (Fig. 8.3) and Teichichnus are 
common (e.g. Buatois et al, 2002b). Storm sands in central-ba- 
sin deposits commonly contain Ophiomorpha, which is thought 
to reveal transport of burrowing crustaceans rather than oppor- 
tunistic colonization (Savrda and Nanson, 2003). These authors 
also noted that in proximal parts of the central bay, rapid event- 
related accumulation of suspended clays immediately followed 
sand emplacement, precluding the establishment of a fair- 
weather suite. Discrete layers with more specialized trace fossils 
(e.g. Phycosiphon, Chondrites) either reflect short-lived barrier 
breaching by storm washovers, incomplete barring of estuary 
mouths, or permanent barrier breaching during transgressions 
(MacEachern and Gingras, 2007). Central-basin deposits are 
characterized by the depauperate Cruziana ichnofacies with 
minor contributions from the Skolithos ichnofacies. 

Estuary-mouth environments are highly variable in terms 
of ichnological content and sedimentary facies. The degree of 
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Figure 8.3 Typical core expression of ichnofaunas from central-basin depos- 
its. Note small PlanoHtes, synaeresis cracks, siderite layer (top), and sand- 
stone lenses with very thin mud drapes. Lower Miocene, Oficina Formation, 
Oritupano Field, eastern Venezuela Basin. Core width is 10 cm. 

bioturbation and ichnodiversity is moderate to relatively intense, 
refleeting near normal marine salinities (Fig. 8.4). Stress factors 
in this setting mostly consist of high depositional rates and high 
energy levels rather than reduced salinity (e.g. Savrda et al, 1998). 
As a result, coarser grained deposits (e.g. eonglomerate and very 
coarse-grained sandstone) are sparsely bioturbated in contrast 
to finer grained deposits that aecumulate in more protected sites. 
Deposits of rapidly migrating large bedforms, such as those of 
dunes migrating along tidal inlets, are typically unburrowed or 
sparsely bioturbated (e.g. Savrda et al, 1998). Behavioral eategor- 
ies and trophie types are much more varied than in inner- and cen- 
tral-estuarine areas, covering dwelling, feeding, and resting traces 
of suspension, deposit, and detritus feeders (e.g. MaeEachern 
and Pemberton, 1994; Buatois et al, 2002b; MaeEachern 
and Gingras, 2007). Ophiomorpha, Thalassinoides, Skolithos, 
Palaeophycus, PlanoHtes, Cylindrichnus, Rosselia, Asterosoma, 
Teichichnus, and Diplocraterion are eommon eomponents, while 
Bergaueria, Lockeia, and Siphonichnus may be accessory elements. 




Figure 8.4 Core expression of intensely bioturbated estuary-mouth 
coarse-grained deposits. Upper Carboniferous, Lower Morrow 
Sandstone, Arroyo Field, southwestern Kansas, United States. Core 
width is 8 cm. See Buatois et al. (2002b). 

Macaronichnus is commonly present in high-energy tidal-inlet 
and subtidal-bar sandstone (Savrda and Uddin, 2005), while large 
Conichnns occurs in the same deposits, reflecting equilibrium strat- 
egies (Savrda, 2002). Ophiomorpha is commonly present in dune 
deposits associated with slack-water mud drapes, reflecting rela- 
tively brief colonization windows (Savrda et al, 1998). Deposits 
that occur on the estuarine side of the barrier are less bioturb- 
ated, and display less ichnodiversity than those that accumulate 
on the seaward side (MaeEachern and Pemberton, 1994). On the 
seaward side, ichnotaxa that are less tolerant to salinity fluctua- 
tions may be rather common (e.g. Chondrites, Helminthopsis, and 
Phycosiphon). Estuarine-mouth deposits are characterized by the 
mixed depauperate Cruziana and Skolithos ichnofacies. 

The overall distribution of biogenic structures along wave- 
dominated estuaries is likely controlled by the salinity gradient, 
displaying a transition from brackish water in the bay-head delta 
and central basin to near-normal salinity conditions at the sea- 
ward end of the valley. Other parameters, such as oxygenation, 
substrate consistency, and energy regime, play a significant role 
at a more local scale. For example, dwelling traces of suspension 
feeders are dominant in high-energy, oxygenated sandy channels 
and dunes of the bay-head delta, and feeding traces of deposit 
feeders are more typical of low-energy, poorly oxygenated, fine- 
grained sediments of the central basin. The importance of salin- 
ity becomes evident when facies formed under similar conditions 
of energy, substrate, and oxygenation are compared (Buatois 
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et ai, 2002b). Organisms that inhabit bay-head deltas and upper- 
shoreface environments are adapted to a well-oxygenated sandy 
substrate under relatively high-energy conditions. However, 
while animals living in the bay-head delta experience stressful 
physiological conditions due to brackish water, those from the 
upper shoreface developed in normal salinity waters. The over- 
all features of both ichnofaunas (e.g. lower ichnodiversity in the 
bay-head delta than in the shoreface) clearly support the import- 
ance of salinity as a limiting factor in trace-fossil distribution. 

8.1.2 TIDE-DOMINATED ESTUARIES 

The distribution of total energy that produces the tripartite style 
of sand-to-mud-to-sand fill is less pronounced in tide-dominated 
systems than in wave-dominated estuaries due to migrating tidal 
channels in the central zone of the estuary (Dalrymple et ah, 
1992; Boyd et al., 2006). Nevertheless, tide-dominated estuarine 
systems are characterized by: (1) an inner sandy zone represent- 
ing a straight tidal-fluvial channel (upper estuary); (2) a middle 
muddy-sandy zone of a meandering to straight tidal channel 
and tidal flats, tidal creeks, and salt marshes along the sides of 
the estuary (middle estuary); and (3) an outer zone character- 
ized by elongate tidal sand bars and tidal flats that flanked the 
estuary valley seaward (lower estuary) (Fig. 8.5). 

In the fluvio-estuarine transition zone, tidal influence commonly 
extends further landward than the saltwater intrusion. This zone 
is therefore situated between the maximum landward limit of tidal 



currents and the salinity limit further towards the sea (Buatois 
et al., 1997b). As noted by AUen (1991), upper-estuary channels are 
rarely affected by brackish water and no marine or brackish-water 
fauna is able to inhabit this portion of the estuary. The freshwater 
benthos inhabiting this inner zone does not have the special adap- 
tations necessary to survive in the brackish environment, which 
results in the middle estuary being a border zone to their distri- 
bution area (Wolfr, 1983). Tidal rhythmites formed in this irmer- 
most zone contain arthropod trackways (e.g. Dendroidichnites, 
Diplichnites, Diplopodichnus, Kouphichnium, Stkillia, Stiaria) (Fig. 
8.6a), insect resting traces (e.g. Tonganoxichnus) (Fig. 8.6a), grazing 
traces (e.g. Gordia, Helminthoidichnites, Helminthopsis) (Fig. 8.6b-d), 
subsurface feeding traces (e.g. Treptichnus) (Fig. 8.6e), fish loco- 
motion traces (Undichna) (Fig. 8.6f), and reptile (e.g. Notalacerta, 
Pseudobradypus, Attenosaurus, Alabamasauripus, Dimetropus) and 
amphibian trackways (e.g. Cincosaums) (Rindsberg, 1990b; Buatois 
et al., 1997b, 1998a; Mangano and Buatois, 2004a; Hunt et ai, 2004a; 
Lucas et al., 2004a; Lucas and Lemer 2005; Haubold et al., 2005; 
Martin and Pyenson, 2005; Pashin, 2005; Minter and Braddy, 2009). 

This ichnofauna reflects the activity of a mixed terrestrial and 
freshwater biota in low-energy tidal flats (Buatois et al., 1997b, 
1998a). Root trace fossils (Fig. 8.6g) and autochthonous upright 
plants are common, representing the only penetrative organic 
structures in an otherwise unbioturbated substrate character- 
ized by thinly interbedded sandstone-mudstone couplets or silt- 
stone-claystone couplets. Trails and trackways are preserved on 
mud drapes, and are commonly associated with a wide variety 
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Figure 8.5 Schematic reconstruc- 
tion of trace-fossil distribution 
in tide-dominated estuaries. The 
fluvio-estuarine transition displays 
relatively high-diversity suites, 
including Diplichnites {Dp), Diplo- 
podichnus (Do), Gordia (Go), 
Treptichnus (Tr), Helminthopsis 
(He), Undichna (Un), and 
Cincosaurus ( G) . Estuarine-channel 
and point-bar deposits are sparsely 
bioturbated and contain a few ich- 
notaxa, such as Gyrolithes (Gy), 
Cytindrichnus (Cy), Planolites (PI), 
Pataeophycus (Pa), and Skolithos 
(Sk). Associated tidal-flat deposits 
are slightly more bioturbated, but 
ichnodiversity remains low, with 
Lockeia (Lo), Protovirgularia (Pr), 
Asterosoma (As), Gyrochorte (Gr), 
and Teichichnus (Te) as common 
forms. Estuary-mouth sandbar dep- 
osits may contain Diplocraterion 
(Di), Skolithos (Sk), Gyrochorte 
(Gr), and Psammichnites (Ps). 
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Figure 8.6 Ichnofaunas from fluvio- 
estuarine transition deposits. 
Upper Carboniferous, Tonganoxie 
Sandstone, Stranger Fomation, 
Buildex Quarry, Kansas, United 
States, (a) Stiaria intermedia (St), 
Tonganoxichnus ottawensis (To), 
and indeterminate grazing trails 
(Gt). Coin is 1.4 cm. (b) Gordia 
indianaensis (Gi) indeterminate 
grazing trails (Gt), and foam marks 
(Fm). Scale bar is 1 cm. (c) Grazing 
trails concentrated around a fos- 
sil leaf Coin is 1.4 cm. (d) Gordia 
indianaensis. Scale bar is 1 cm. (e) 
Treptichnus bifurcus. (f) Undichna 
hritannica. Scale bar is 1 cm. (g) 
Core view of a root trace fossil. See 
Buatois et al. (1997b, 1998a). 



of bedding-surface structures, including tool marks, drainage or 
seepage rill marks, runnel marks, runoff washouts, foam marks, 
raindrop impressions, gas escape structures, falling-water marks, 
and wrinkle marks, the latter suggestive of microbial mat- 
grounds (Buatois et al, 1997b, 1998a; Mangano and Buatois, 
2004a; Rindsberg, 2005; Pashin, 2005). In terms of ichnofacies, 
the fluvial-estuarine transition is characterized by the mixed 
Mermia-Scoyenia ichnofacies, and by the Serpentichnus ichno- 
coenosis of the Characichichnos ichnofacies. 

Further towards the sea, tidal channels display brackish- water 
conditions, allowing the establishment of the mixed depauper- 
ate Cruziana and Skolithos ichnofacies. Ichnodiversity reaches 
a minimum in these highly stressed settings, and bioturbation 
tends to be sparsely distributed (Ranger and Pemberton, 1992; 
Gingras et al, 1999b). Upper-estuarine channels encompass 
two main areas, the active portion of the channel and the point 
bar (MacEachern and Gingras, 2007). Active-channel depos- 
its are typically unburrowed or contain a few trace fossils in 
mud interbeds or in the toesets of dune bedforms. As noted by 
MacEachern and Gingras (2007), the scarcity of bioturbation in 



active channels is for the most part due to the presence of rap- 
idly migrating bedforms rather than brackish-water conditions 
per se. Planolites, Cylindrichnus, Skolithos, and Palaeophycus 
are among the ichnotaxa most commonly recorded. Logs with 
Teredolites may occur at the base of channels (Fig. 8.7). 

The associated point bars, characterized by lateral accretion 
that produces inclined heterolithic stratification, generally dis- 
play higher ichnodiversity and degree of bioturbation than the 
active channels (Box 8.2). Biogenic structures in inclined het- 
erolithic stratification deposits display proximal-distal trends in 
response to a salinity gradient (Lettley et al, 2007b; MacEachern 
and Gingras, 2007). Landward expressions tend to be sandier, 
and are either unbioturbated or contain scarce Planolites (Fig. 
8.8a). The degree of bioturbation and ichnodiversity tend to 
increase seaward with the progressive addition of Skolithos, 
Gyrolithes (Fig. 8.8c-d), and Cylindrichnus (Fig. 8.8b). However, 
mudstone-rich intervals sharply overlying point-bar deposits 
are commonly unbioturbated, and are thought to record depos- 
ition close to or at the turbidity-maximum zone, which pro- 
motes clay flocculation and rapid mud accumulation (Bechtel 
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Figure 8.7 Log with Teredolites at 
the base of an estuarine tidal channel 
sandstone. Upper Cretaceous, Desert 
Sandstone Member, Blackhawk 
Formation, Old Thompson Canyon, 
Book Cliffs, eastern Utah, United 
States. Scale bar is 5 cm. 




Figure 8.8 Core expression of ichno- 
faunas from estuarine-channel deposits 
with inclined heteroUthic stratification. 
Sandstone is impregnated with hydro- 
carbon and is dark colored, while 
mudstone is light colored. Lower 
Cretaceous, McMurray Formation, 
northern Alberta, Canada. See Lettley 
etal. (2007b). (a) Planolitesisp. (arrows) 
in mud drapes, (b) Concentrically lam- 
inated Cylindrichnus isp. (c) and (d) 
Vertical spiral burrow Gyrolithes isp. 
Core widths are 8 cm. 



et ah, 1994; MacEachern and Gingras, 2007; Lettley et ah, 
2007b). Alternation of intensely bioturbated intervals and mostly 
unburrowed intervals are, therefore, interpreted as fluctuations 
in the position of the salt wedge within the turbidity-maximum 
zone. Notably, many ichnofabrics in estuarine point-bar depos- 
its are composite, reflecting continental trace fossils overprint- 
ing brackish-water suites. Typical examples are represented by 
elements of the Beaconites-Taenidium ichnoguild cross-cutting 
trace-fossil suites with ichnogenera that indicate marine influ- 
ence (e.g. Teichichnus) (Fig. 8.9a-e). 

In modern macrotidal estuaries, zonations have been estab- 
lished to differentiate between upper subtidal-lower-inter- 
tidal, middle-intertidal, and upper-intertidal zones of muddy 



point bars and associated tidal flats (Pearson and Gingras, 
2006). Upper-subtidal to lower-intertidal zones of the point 
bars contain incipient Polykladichnus and Skolithos produced 
by the capitellid polychaete Heteromastus. Middle-intertidal 
zones contain incipient Arenicolites and Diplocraterion pro- 
duced by the amphipod Corophium volutator. In the upper- 
intertidal zone of the point bar and in the tidal flat, the nereid 
worms Nereis virens and N. diversicolor (producers of incipi- 
ent Polykladichnus, Palaeophycus, and Planolites), and the 
bivalve Macoma balthica (producer of incipient Siphonichnus) 
are present. Similar zonations have been documented in sandy 
point bars of modern mesotidal estuaries (Gingras et al., 
1999b). However, Callianassa burrows (producers of incipient 
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Box 8.2 Ichnology of a Lower Cretaceous tide-dominated estuary, the McMurray Formation of Alberta 

Understanding of the sedimentary arehitecture and depositional dynamics of the Lower Cretaeeous McMurray Formation is 
essential because this unit is one of the most important producers of heavy oil in the world. Although the density of well cores 
is remarkably high, the complex distribution and arehitecture of these sandstone bodies complicate correlation of tide-dom- 
inated estuarine-channel units. Integration of ichnological and sedimentological datasets in the analysis of estuarine-channel 
deposits displaying inclined heterolithic stratification (IHS) has helped to address longitudinal variations in the charaeter of 
estuarine point bars. Towards the fluvial end of the estuary, bioturbation is exceedingly rare in IHS deposits and restricted to 
sporadic occurrences of Planolites in interbedded sandstone and siltstone, while associated cross-bedded sandstone is unbur- 
rowed. The central zone of the estuary is characterized by fine- and very fine-grained sandstone associated with silt- and clay- 
rich deposits formed in the zone of turbidity maximum. Bioturbation is highly variable. Fine-grained deposits show little to 
moderate bioturbation and dominance of monospecific suites of Planolites. Sand-dominated deposits show more diversity 
particularly towards the seaward end of the turbidity maximum zone, where Planolites (Fig. 8.8a) and Teichichnus dominate, 
and Cylindrichnus (Fig. 8.8b), Palaeophycus and Gyrolithes (Fig. 8.8c-d) may occur also. The seaward end is characterized by 
well-sorted very fine- and fine-grained sandstone and minor amounts of mudstone and siltstone. Bioturbation is compara- 
tively abundant and diverse, with Cylindrichnus, Skolithos, Teichichnus, Palaeophycus, Planolites, Thalassinoides, and escape 
trace fossils as relatively common elements. Seasonal variations in fluvial discharge, together with changes in water circulation 
and the position of the turbidity maximum played major roles in controlling trace-fossil distribution. This is one of the most 
detailed ichnological studies of tide-dominated (riverine) estuaries. 

Reference: Lettley et al. (2007b). 




Figure 8.9 Composite ichnofabrics 
in estuarine-channel deposits with 
inclined heterolithic stratification, 
(a) Deposits with alternating 
intervals having well-preserved 
inclined heterolithic stratification 
and intensely bioturbated inter- 
vals as a result of the activity of a 
brackish-water infauna. Measuring 
tape is 5 cm wide. Lower Miocene 
Barreiras Formation, Peru Beach, 
Maranhao State, northern Brazil. 
See Netto and Rosetti (2003). (b) 
Close-up showing discrete contin- 
ental Taenidium superimposed to a 
background brackish-water ichno- 
fabric. Lower Miocene Barreiras 
Formation, Peru Beach, Maranhao 
State, northern Brazil. See Netto 
and Rosetti (2003). (c) Teichichnus 
ichnofabric in the lower interval 
of an estuarine point bar. Lower 
Miocene Oficina Formation of the 
Orinoco Belt, Venezuela. Core is 
8 cm wide, (d) Intensely bioturb- 
ated upper interval of point-bar 
deposit shown in (c) The ichno- 
fabric is dominated by continental 
Taenidium and Beaconites coloniz- 
ing the abandoned point bar. Core 
width is 9.5 cm. (e) Close-up of 
Beaconites colonizing an aban- 
doned point bar. Lower Miocene 
Oficina Formation of the Orinoco 
Belt, Venezuela. Core is 8 cm wide. 
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Thalassinoides and Ophiomorpha) tend to occur in these sand- 
ier substrates. Point-bar deposits are typically less bioturbated 
than the associated tidal flats (Gingras et al., 1999b). Some 
lateral-accretion surfaces identified in the fossil record con- 
tain sharp-walled, unlined and passively filled burrows (e.g. 
Thalassinoides, Skolithos) of the Glossifungites ichnofacies. 
This suite suggests rapid dewatering and formation of auto- 
genic stiffgrounds (Gingras et al., 2000, 2001; Lettley et al., 
2007a). Also, the Glossifungites ichnofacies may oecur at the 
base of channels that erode into the underlying bedrock (e.g. 
Gingras et al., 1999b). 

Salt marshes may form along the sides of the estuary. These 
marshes are dissected by a network of tidal creeks, and are 
eommonly heavily vegetated by salinity tolerant plants (e.g. 
Spartina), resulting in intense bioturbation by root traces (e.g. 
Edwards and Frey, 1977; Basan and Frey, 1977). In modern salt 
marshes of macrotidal estuaries, Corophium volutator (producer 
of incipient Arenicolites and Diplocraterion) and Mya arenaria 
(producer of ineipient Siphonichnus and Lockeia) are common 
(Dashtgard and Gingras, 2005). Tidal-creek migration may gen- 
erate Glossifungites-dermxcdXed surfaces. In tropical to subtrop- 
ical estuaries, salt marshes are replaced by mangroves that form 
along sheltered shores, and eonsist mostly of trees and woody 
shrubs that have root adaptations to live in regularly submerged 
sediment (Cadee, 1998; Schaeffer-Novelli et al., 2002). Robust 
root traees (e.g. Avicennia, Rhizophora, and Sonneratia) are 
commonly pervasive. In addition, a number of invertebrates 
are aetive bioturbators in mangrove areas (Cadee, 1998). These 
include mostly crustaceans that construet U-shaped burrows 
connected to a horizontal segment (Thalassina anomala), verti- 
cal burrows (Sesarma sp. and Uca sp.), and U-shaped burrows 
{Upogebia sp.). Horizontal grazing traces by mollusks, although 
common, have low preservation potential. 

Tidal flats also occur along the sides of tide-dominated estu- 
aries. In contrast to tidal flats formed on open coasts, ichnofau- 
nas from middle-estuarine tidal flats are not diverse, but contain 
ichnotaxa that clearly illustrate marine influence, thereby allow- 
ing distinction from intertidal areas at the fluvial-estuarine 
transition (Mangano and Buatois, 2004a). In strongly tidally 
dominated settings, tidal flats form under an upper-flow regime 
(Dalrymple and Choi, 2007), and may be sparsely bioturbated 
due to high-energy conditions. Common components in low- 
energy counterparts include resting traces (e.g. Asteriacites and 
Lockeia), locomotion traces (e.g. Gyrochorte and Protovirgularia), 
grazing traees (e.g. Nereites and Psammichnites), feeding traces 
(e.g. Teichichnus, Asterosoma, Planolites, and Cylindrichnus), 
and dwelling traces (e.g. Diplocraterion, Linguliclmus, and 
Palaeophycus). Although the degree of bioturbation is typic- 
ally low, Linguliclmus and Lockeia may occur in profuse dens- 
ities. Suites are commonly monospecific, but the association of 
bivalve (Lockeia-Protovirgularia) and ophiuroid {Asteriacites) 
trace fossils is quite eommon (Mangano and Buatois, 2004a). 

Central-basin deposits, although widespread in wave-dominated 
estuaries, are rare in tide-dominated estuaries due to a large degree 
of tidal exchange and the absence of a mouth-barrier system 
(Dalrymple et al, 1992; Boyd et al, 2006; MacEachem and Gingras, 



2007). These deposits typically consist of heterolithic facies that are 
more bioturbated and exhibit higher diversity levels than the asso- 
ciated point-bar deposits (MacEachem and Gingras, 2007). Some 
of the ichnotaxa recorded in central-basin deposits are Teichichnus, 
Planolites, Cylindrichnus, Palaeophycus, and Skolithos. 

The outer region of tide-dominated estuaries is characterized 
by the establishment of elongate tidal bars that may be associ- 
ated with upper-flow regime sand flats (Dalrymple et al, 1992; 
Boyd et ah, 2006; Dalrymple and Choi, 2007). Although this 
region displays normal-marine salinities, high tidal velocities 
and high rates of sedimentation commonly preclude bioturb- 
ation (e.g. Buatois et al, 2006b). Locally, assemblages dominated 
by vertical burrows of suspension feeders, such as Skolithos 
(Fig. 8.10a-b), Diplocraterion (Fig. 8.10c) and Ophiomorpha 
(Fig. 8.10d), may occur in high densities reflecting colonization 
during short breaks in sedimentation or tidal-bar abandonment 
during transgression. Horizontal grazing and feeding traces, 
such as Gyrochorte (Fig. 8.10e) and Psammichnites (Fig. 8.10f), 
typically occur in mud drapes that result from longer breaks 
or in more protected sites showing interfingering with middle- 
estuarine deposits (Mangano and Buatois, 2004a). Vertical bur- 
rows of detritus or deposit feeders, such as Asterosoma (Fig. 
8.101), Patagonichnus (Fig. 8.10g), Rosselia (Fig. 8.11a), and 
Teichichnus (Fig. 8.1 lb) may occur also in this setting. 

As in the case of wave-dominated estuaries, the salinity gradient 
plays a major role in distribution of biogenic sedimentary structures 
in tide-dominated estuaries. Ichnofaunas tend to display proximal- 
distal trends revealing the activity of freshwater and terrestrial 
biotas near or at the fiuvial-estuarine transition, brackish-water 
faunas in the central zone of the estuary and fully marine biotas 
at the estuary mouth (Mangano and Buatois, 2004b). However, 
other factors may be equally important, albeit at a more local scale, 
including clay flocculation near the turbidity-maximum zone and 
high tidal energy at the elongate tidal-bar complex. 

8.2 BAYS 



In recent years, ichnologists have begun to recognize that some 
marginal-marine successions containing brackish-water assem- 
blages do not strictly represent the infill of estuarine systems, 
but record deposition in embayments instead (e.g. MacEachem 
et al, 1998). The ichnology of these bay settings is less under- 
stood than that of other marginal marine environments. 
Comparatively little has been written on these environments and 
only a few case studies have been documented (e.g. MacEachem 
et al, 1998, 1999c; Pemberton et al, 2001; Spila et al, 2005; 
Buatois et al, 2007b; Desjardins et ah, 2010b). MacEachem 
and Gingras (2007) suggested subdividing bay environments 
into restricted or barrier-barred bays and open or non-barred 
bays, a classification framework that is adopted here. 

8.2.1 RESTRICTED BAYS 

Restricted bays correspond to embayments that have limited 
or intermittent connection to the open sea (MacEachem and 




Figure 8.10 Ichnofaunas from deposits formed in the outer region of tide-dominated estuaries as expressed in outcrop, (a) Skolithos linearis forming 
a pipe rock. Upper Cambrian, Pico de Halcon Member, Quebrada del Salto Alto, Cordillera Oriental, northwest Argentina. Coin (upper left) is 1 .8 
cm. See Mangano and Buatois (2003a). (b) Skolithos gyratus in planar cross-bedded sandstone with abundant intraclasts and mud drapes. Upper 
Cambrian, Pico de Halcon Member, Quebrada del Abra Blanca, Cordillera Oriental, northwest Argentina. Coin (upper right) is 1.8 cm. (c) High 
density of Diplocraterion parallelum in bedding-plane view. Upper Cambrian, Pico de Halcon Member, Arroyo de Sapagua, Cordillera Oriental, 
northwest Argentina. Scale bar is 1 cm. (d) Ophiomorpha nodosa. Lower Miocene, Chenque Formation, roadcut near Comodoro Rivadavia, 
Patagonia, southern Argentina. Lens cap is 5.5 cm. (e) Gyrochorte isp. Upper Carboniferous, Bandera Shale, Bandera Sandstone Quarry, Bourbon 
County, eastern Kansas. Scale bar is 1 cm. See Mangano and Buatois (2004a). (f) Psammichnites implexus. Upper Carboniferous, Bandera Shale, 
Bandera Sandstone Quarry, Bourbon County, eastern Kansas. Scale bar is 1 cm. See Mangano and Buatois (2004a). (g) Asterosoma radiciforme 
displaying typical concentrically laminated ichnofabric. Lower Miocene, Patagonia Formation, cliff between Las Grutas and La Rinconada, 
Patagonia, southern Argentina. Lens cap is 5.5 cm. See Olivero and Lopez-Cabrera (2005). (h) Patagonichnus stratiformis. Note associated mud 
drapes. Lower Miocene, Chenque Formation, roadcut near Comodoro Rivadavia, Patagonia, southern Argentina. Coin is 1.8 cm. 
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Figure 8.11 Core expression of 
ichnofaunas from the outer region of 
tide-dominated estuaries, (a) Rosselia 
isp. (Ro) and Teichichnus rectus ( Te) 
in a sandstone bed. Note Planolites 
isp. (PI) in mud drapes. Upper 
Cretaceous, Napo Formation, Auca 
Field, Oriente Basin, Ecuador. Core 
width is 10 cm. (a) Thalassinoides 
isp. (77j), Teichichnus rectus (Te), 
Planolites isp. (PI) and Palaeophycus 
(Pa). Note abundant mud drapes and 
flaser bedding. Upper Cretaceous, 
Napo Formation, Shushufindi Field, 
Oriente Basin, Ecuador. Core width 
is 10 cm. 



Gingras, 2007). Accordingly, they are typically characterized 
by brackish-water assemblages representing the mixed depau- 
perate Cruziana and Skolithos ichnofacies (Fig. 8.12). Salinity 
fluctuations take place on a variety of temporal scales (e.g. daily, 
monthly and seasonally), imparting a stress signature to the 
associated biota (MacEachern and Gingras, 2007). This stress 
results in poorly diverse ichnofaunas and sparse bioturbation, 
Teichichnus (Fig. 8.13a-b) and Planolites (Fig. 8.13a-c), being 
some of the most common ichnogenera in severely restricted 
settings. Other common ichnogenera are Rosselia (Fig. 8.13a) 
and Siphonichnus (Fig. 8.13d). An increase in ichnodiversity, 
more intense bioturbation, and the presence of certain ichno- 
genera, such as Asterosoma and Phycosiphon, commonly sug- 
gest less restricted conditions or sporadic breaching of barriers 
as a result of storms (MacEachern and Gingras, 2007). 

Bay-margin deposits consist of heterolithic facies with abun- 
dant synaeresis cracks and siderite nodules (MacEachern and 
Gingras, 2007). Trace fossils are sparsely distributed, with some 
intervals reaching relatively intense bioturbation. Ichnodiversity is 
low to rarely moderate. Monospecific suites are common. Typical 
ichnogenera are Teichichnus, Planolites, Rosselia, Gyrolithes, 
Cylindrichnus, Palaeophycus, and Siphonichnus. The Glossifungites 
ichnofacies is commonly associated with autogenic firmgrounds 
due to local erosion (MacEachern and Gingras, 2007). 

The distal-bay deposits accumulate in the deepest parts of 
the bays or the most sheltered areas, and tend to be mud-domi- 
nated (MacEachern and Gingras, 2007). Thin tempestites layers 
may occur in strongly storm-affected bays, while dark parallel- 



laminated mudstones are typical of low-energy anoxic to dys- 
aerobic embayments. Sandy tempestites may bear low-diversity 
assemblages consisting of Palaeophycus, Planolites, Halopoa 
(Fig. 8.13e), and Rhizocorallium (Fig. 8.131) (Desjardins et al., 
2010b). Oxygen-depleted deposits are either unbioturbated, or 
contain sporadically distributed small Planolites (MacEachern 
and Gingras, 2007). 

Bay-mouth deposits are sedimentologically and ichnologically 
more variable, and resemble wave-dominated estuary mouths 
(see Section 8.1.1). The salinity stress is not typically high because 
the outer region of the bay environment experiences slightly 
brackish to fully marine conditions. However, high-energy 
conditions predominate and, therefore, deposits are typically 
sparsely bioturbated (MacEachern and Gingras, 2007). Vertical 
burrows of suspension feeders are common in sandstone layers, 
including Ophiomorpha, Skolithos, and Arenicolites; horizontal 
traces of both deposit feeders (Planolites) and suspension feed- 
ers (Palaeophycus) occur in associated finer-grained intervals. 

8.2.2 OPEN BAYS 

Open bays have virtually unrestricted connection to the open 
sea (MacEachern and Gingras, 2007). As a result, the salinity 
stress is significantly lower than in restricted bays. However, 
these authors noted that salinity in the bay is in any case depend- 
ent of that of the adjacent seaway, which may be brackish. In 
addition, substrates are typically sandier than in restricted 
bays because of the deeper-water position of the wave base. 
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Figure 8.12 Schematic reconstruc- 
tion of trace-fossil distribution in 
restricted bays. Bay-margin depos- 
its commonly display low-diver- 
sity trace-fossil suites, including 
Palaeophycus {Pa), Planolites (PI), 
Siphonichnus (Si), Teichichnus (Te), 
Cylindrichnus (Cy), and root trace 
fossils (Rt). Distal-bay deposits 
may contain more complex forms 
indicative of slightly less-stressful 
conditions. Typical ichnotaxa are 
Rhizocorallium (Rz), Hatopoa (Ha), 
Chondrites (Ch), Asterosoma 
Palaeophycus (Pa), and Teichichnus 
(Te). Bay-mouth deposits tend to 
contain ichnotaxa indicative of rela- 
tively high-energy conditions, such 
as Ophiomorpha (Op), Arenicolites 
(Ar), and Skolithos (Sk). Autogenic 
firmgrounds may contain Skolithos 
(Sk), Diplocraterion (Di), and 
Thalassinoides (Th). 



As a result, open-bay deposits resemble shoreface successions 
(e.g. Pemberton et al., 2001; MacEachern and Gingras, 2007). 
Depauperate expressions of the mixed Cruziana and Skolithos 
ichnofacies tend to alternate with more archetypal expressions 
of these ichnofacies (Fig. 8.14). A replacement of the Skolithos 
ichnofacies in bay-margin deposits by elements of the Cruziana 
ichnofacies in distal-bay deposits have been observed in some 
open bays (MacEachern et ah, 1998, 1999c). 

Bay-margin deposits are very similar to shoreface succes- 
sions both in physical and biogenic attributes (see Sections 
7.1.3, 7.1.4, and 7.1.5), particularly in bays that are deep or 
not sheltered from wave approach (MacEachern and Gingras, 
2007). Under strong tidal influence, heterolithic tidal-flat 
deposits become common. The degree of bioturbation is highly 
variable, with some deposits displaying intense bioturbation. 
Ichnodiversity is low to relatively high. Typical ichnotaxa 
include Teichichnus, Thalassinoides, Planolites, Palaeophycus, 
Arenicolites, Cylindrichnus, Ophiomorpha, and Conichnus, 
among many other forms. The presence, albeit restricted, of 
Chondrites, Zoophycos, and Phycosiphon suggests periods of 
f ully marine conditions. Teichichnus, Palaeophycus, Lingulichnus 
(Fig. 8.15a), Asteriacites (Fig. 8.15b), Protovirgularia (Fig. 
8.15b), and Lockeia (Fig. 8.15b) are common in tidal-flat 
areas; the latter three may display remarkable size reduction 
(Mangano et al., 1999; Mangano and Buatois, 2004a). 

Distal-bay deposits are mudstone-dominated, but con- 
tain a significant proportion of interbedded storm sandstones 
(MacEachern and Gingras, 2007). Sedimentologically and ichno- 
logically these deposits closely resemble offshore and offshore- 



transition deposits. The degree of bioturbation is highly variable. 
Low to moderate bioturbation indexes tend to be common 
because of high rates of sedimentation in comparison with off- 
shore deposits. However, intense bioturbation has been detected 
in some basins (Pemberton et al., 2001; Spila et al, 2005). 
Ichnodiversity varies from low to relatively high. Ichnotaxonomic 
composition is similar to that of proximal-bay deposits, but with a 
tendency to show lower proportions of elements of the Skolithos 
ichnofacies. As in the case of proximal-bay deposits, intervals 
containing less tolerant forms, such as Chondrites, Zoophycos, 
and Phycosiphon, are probably formed under fully marine con- 
ditions. Ichnodiversity levels commonly increase immediately 
above surfaces containing the Glossifungites ichnofacies, indicat- 
ing transgressive events (MacEachern e? a/., 1998, 1999c). 

8.3 DELTAS 



Deltas consist of discrete shoreline protuberances occurring 
where a river enters a standing body of water, supplying sedi- 
ments more rapidly than they can be redistributed by basin 
processes, such as tides and waves (Bhattacharya, 2006). In 
this section, we will restrict our discussion to marine deltas. 
In recent years, deltaic systems have become the focus of 
increased scrutiny and a growing volume of new information 
is emerging (e.g. Sidi et al., 2003; Giosan and Bhattacharya, 
2005; Bhattacharya, 2006). As discussed above (see Section 
8.1), ichnological information has been traditionally used to 
detect stresses associated with dilution of marine salinity in 
marginal-marine, brackish-water environments, most typically 
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Figure 8.13 Outcrop and core 
expression of ichnofaunas from 
restricted bays, (a) Irregularly bio- 
turbated heterolithic deposits con- 
taining Teichichnus rectus (Te), 
Planolites montanus {PI), and small 
Rosselia isp. {Ro). Note abundant 
mud drapes. Upper Devonian-Lower 
Carboniferous, Bakken Formation, 
southeastern Saskatchewan, cen- 
tral Canada. Core width is 7 cm. 
See Angulo and Buatois (2010). (b) 
Teichichnus rectus {Te) at the top 
of a sharp-based tempestite. Note 
associated tiny Planolites montanus 
{PI), synaeresis cracks (Sc), and mud 
drapes. Upper Devonian-Lower 
Carboniferous, Bakken Formation, 
southeastern Saskatchewan, cen- 
tral Canada. Core width is 7 cm. 
See Angulo and Buatois (2010). (c) 
Irregularly bioturbated heterolithic 
deposits containing Teichichnus rec- 
tus (Te) and Planolites montanus 
{PI). Note well-developed wavy 
bedding and mud drapes. Upper 
Devonian-Lower Carboniferous, 
Bakken Formation, southeastern 
Saskatchewan, central Canada. 
Core width is 7 cm. See Angulo 
and Buatois (2010). (d) Deep-tier 
vertical Siphonichnus eccacensis 
overprinted to a background ichno- 
fabric. Upper Devonian-Lower 
Carboniferous, Bakken Formation, 
southeastern Saskatchewan, cen- 
tral Canada. Core width is 7 cm. 
See Angulo and Buatois (2010). 

(e) Halopoa isp. with longitudinal stri- 
ations (arrow). Upper Carboniferous, 
Tupe Formation, Cuesta de Fluaco, 
Precordillera, Argentina. Scale bar is 
1 cm. See Desjardins et al. (2010b). 

(f) Rhizocorallium commune with 
rod-like pellets organized in a sprei- 
ten structure. Upper Carboniferous, 
Tupe Formation, Cuesta de Fluaco, 
Precordillera, Argentina. Scale bar is 
1 cm. See Desjardins et al. (2010b). 



estuarine deposits accumulated in incised valleys, resulting in 
the brackish-water model (Howard and Frey, 1975; Pemberton 
and Whightman, 1992; MacEachern and Pemberton, 1994; 
Buatois et a/., 2005) (see Section 6.1.4). However, there are rela- 
tively few studies that integrate ichnological information in the 
context of deltaic dynamics. Our understanding of the ichnol- 
ogy of deltas still suffers from several problems. One of these 
is the virtual absence of ichnological studies in modern deltas. 
In addition, some of these problems result from the incom- 
plete picture available from sedimentological studies. In par- 
ticular, while relatively detailed facies models are available for 



river- and wave-dominated deltas, the same is not true with 
respect to tide-dominated deltas (Willis, 2005). Unsurprisingly, 
tide-dominated deltas are also the least understood from an 
ichnological standpoint. Furthermore, while the brackish-wa- 
ter model is clearly of use in understanding ichnofaunas from 
embayment areas associated with the delta plain, its applic- 
ability in delta-front and prodelta settings is not straightfor- 
ward (MacEachern et al., 2005). 

MacEachern et al. (2005) discussed the most important envir- 
onmental controls and processes that represent stress factors 
in deltas. These factors result from the complex interplay of 
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Figure 8.14 Schematic reconstruc- 
tion of trace-fossil distribution in 
open bays. Ichnofaunas from open 
bays are more diverse than those in 
restricted bays. Bay-margin depos- 
its may contain Teichichnus (Te), 
Tlialassinoides (Th), Planolites (PI), 
Pataeophycus (Pa), Arenicolites (Ar), 
Cylindrichnus (Cy), Ophiomorpha 
(Op), Conichnus (Co), Asteriacites 
(At), Protovirgularia (Pr), Phyc- 
osiphon (PH), and Lockeia (Lo). 
Distal-bay deposits are ichno- 
logically similar to proximal-bay 
deposits, but may also include ich- 
notaxa that are even less tolerant of 
brackish-water conditions, such as 
Chondrites (Ch), Zoophycos (Zo), 
and Asterosoma (^.s). 




Figure 8.15 Ichnofaunas from 
open-bay deposits in outcrop. 
See Mangano and Buatois 
(2004b). (a) The lingulid dwelling 
trace Lingulichnus isp. on the 
base of a sandstone bed. Upper 
Carboniferous, Rock Lake Shale, 
Stanton Limestone, Lansing Group, 
quarry near Coleman Creek, south- 
east of Eudora, northeastern 
Kansas, United States. Scale bar is 1 
cm. (b) The ophiuroid resting trace 
Asteriacites lumbricalis (.4.s), and the 
bivalve traces Lockeia siliquaria (Lo) 
and Protovigularia rugosa (Pr) on the 
base of a sandstone bed. Note the 
small size of the compound bivalve 
trace fossil. Upper Carboniferous, 
Stull Shale, Kanwaka Shale 
Formation, Shawnee Group, road- 
cut along Country Road 6, south of 
Stull, northeastern Kansas, United 
States. 



fluvial, wave, and tidal processes. River-induced stresses include 
heightened sedimentation rates, water turbidity, salinity changes 
(freshets), episodic sediment gravity deposition, hyperpycnal 
flows, and phytodetrital pulses. Wave-induced stresses include 
wave energy levels, repeated erosion, and longshore drift. Tidal- 
induced stresses comprise clay flocculation and fluid-mud 
deposition. Identification of these stress factors is essential to 
distinguish deltas from prograding strandplains. In this section, 
we address the ichnology of river-, wave- and tide-dominated 
deltas, following the genetic classification of Galloway (1975). 
However, this framework works at its best when combined with 



other classification schemes, which take into consideration other 
factors, such as sediment caliper (Orton and Reading, 1993) 
and site of emplacement (Por^bski and Steel, 2006). In add- 
ition, most deltas are mixed, reflecting variable contributions of 
fluvial, wave, and tidal processes (e.g. Giosan et ai, 2005). 

8.3.1 RIVER-DOMINATED DELTAS 

River-dominated deltas arguably rank among the most stressful 
of all deltas. This is mostly due to the overwhelming predomin- 
ance of river-induced stresses. As a consequence, river-dominated 
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Figure 8.16 Schematic reconstruc- 
tion of trace-fossil distribution in 
river-dominated deltas. Abandoned- 
channel and overbank deposits of the 
subaerial delta plain typically contain 
Beaconites (Be), Taenidium (Ta), and 
root traces (Rt). Distributary-channel 
deposits of the subaqueous delta 
plain may contain Ophiomorpha (Op) 
and Skolithos (Sky, Teredotites (Tr) 
may occur in wood logs at the base 
of the channel. Interdistributary- 
bay deposits typically host Planolites 
(PI), Teichichnus (Te), Palaeophycus 
(Pa), and root traces (Rt). Delta-front 
deposits may contain Rosselia (Ro), 
Ophiomorpha (Op), Cylindridmus 
(Cy), and Thalassinoides(Th). Prodelta 
deposits typically exhibit Teichichnus 
( Te), Planolites (PI), Phycosiphon (Pli), 
Chondrites (Ch), Protovirgularia (Pr), 
and Gyrochorte (Gr). 



Box 8.3 Ichnology of a late Quaternary fan-delta complex, South Island, New Zealand 

Nearly continuous outcrops along the depositional strike of a late Quaternary fan delta in the South Island of New Zealand 
allows careful examination of its sedimentological and ichnological attributes. The complex consisted of a number of alluvial 
fans that prograded into the sea directly feeding small gravel and loess fan deltas separated by embayment areas. The embay- 
ment deposits consist of reworked loess, and sand and pebble forming bars. Trace fossils are remarkably well preserved, com- 
monly showing full three-dimensional relief No trace fossils occur in the subaerial fan delta-plain deposits, but marine biogenic 
structures are abundant in embayment, bar, and prodelta facies. Proximal deposits of the embayment contain abundant root 
trace fossils but not animal trace fossils, while distal loess deposits are characterized by the local presence of monospecific 
assemblages of Phycosiphon incertum, forming intensely bioturbated layers. Distal-embayment deposits also contain a trace- 
fossil association dominated by Diplocraterion parallelum with subordinate occurrences of other ichnotaxa, such as Asterosoma 
isp. and Piscichnus isp. The bar facies is also dominated by Diplocraterion parallelum; other trace fossils such as Arenicolites isp., 
Cylindrichnus concentricus, Skolithos linearis, and escape traces are locally abundant. Prodelta deposits are intensely bioturb- 
ated by poorly preserved specimens of Planolites montanus, with other ichnotaxa (e.g. Diplocraterion parallelum) locally present. 
A number of stress factors, such as salinity, interstitial oxygen, sediment composition and texture, hydrodynamic energy, and 
sedimentation rate, controlled the distribution of trace fossils in the fan-delta complex. Brackish water and reduced interstitial 
oxygen may have been limiting factors, particularly in the distal embayment, judging from the common occurrence of monospe- 
cific suites. This is consistent with limited circulation due to the presence of bars that partially isolated the embayment from the 
open sea. The presence of Phycosiphon incertum is restricted to fine-grained loess, indicating a strong substrate control. Loess 
cohesiveness may have allowed the Phycosiphon producer to keep its tunnel system open, allowing for respiration in poorly 
oxygenated substrate. High hydrodynamic energy in bar environments is suggested by the predominance of vertical burrows. In 
addition, high sedimentation rates in these settings are indicated by the presence of escape trace fossils. 

Reference: Ekdale and Lewis (1991b), and Lewis and Ekdale (1991). 



deltas tend to contain more depauperate ichnofaunas than wave- 
and tide-dominated deltas (Gingras et ah, 1998; MacEachern 
et al., 2005) (Fig. 8.16) (Box 8.3). Ichnofaunas from the subaerial 
delta plain consist of a combination of terrestrial and freshwater 



trace fossils because they record conditions in the portion of the 
delta that is located above the high tide. Therefore, distributary 
channel and overbank ichnofaunas closely resemble those of 
fluvial channels and overbanks of alluvial plains (see Section 
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Figure 8.17 Core expression of ichnofaunas from subaerial delta-plain deposits. Oligocene-Middle Miocene, Guafita Formation, Guafita Field, 
Apure, Venezuela, (a) The meniscate trace fossil Taenidium in red siltstone. Core width is 10 cm. (b) Close-up of Taenidiiim. Core width is 10 cm. (c) 
High-density of meniscate trace fossils in red siltstone. Core width is 10 cm. (d) Crevasse-splay sandstone (lower interval) and floodplain siltstone 
(upper interval). Note colonization by Taenidium and high intensity of bioturbation in the siltstone. Core width is 9 cm. 



10.2). Taenidium and Beaconites are typical components of the 
Scoyenia ichnofacies in these settings (Fig. 8.17a-d). Because 
of the high frequency of crevassing and overbank events, the 
Scoyenia ichnofacies tends to be common in the subaerial delta 
plain of river-dominated systems (e.g. Pollard, 1988). Bivalve 
(Lockeia) and xiphosurid (Kouphichnium and Selenichnites) 
trace fossils may occur also (Eagar et ah, 1985). However, dur- 
ing times of reduced or no discharge, the salt wedge may extend 
upstream, generating brackish-water conditions across the delta 
plain and colonization by elements of the mixed depauperate 
Cruziana and Skolithos ichnofacies (e.g. Corbeanu et al., 2004; 
Garrison and van der Berg, 2004). 

Brackish-water conditions are persistent in the proximal 
regions of deltas, particularly the subaqueous delta plain, 
interdistributary bays, and the distributary mouth bars at the 
proximal delta front (MacEachern et al., 2005). Ichnofaunas 
in these subenvironments basically display the diagnostic fea- 
tures outlined by the brackish-water model (see Section 6. 1 .4). 
Bioturbation is remarkably sparse and ichnodiversity levels 
are very low. Ophiomorpha and Diplocraterion occur locally 
in abandoned delta-plain distributary-channel, abandoned 



terminal distributary-channel and mouth-bar sandstone 
(e.g. Hobday and Tavener-Smith, 1975). Retrusive forms of 
Diplocraterion may be common, indicating high sedimentation 
rates (e.g. Turner et al., 1981). Logs with Teredolites are com- 
mon on channel floors (e.g. MacEachern et ah, 2005). Escape 
trace fossils may occur locally reflecting rapid sedimentation 
within the channels. Interdistributary-bay mudstone commonly 
contains Planolites and Teichichnus as dominant components, 
typically associated with synaeresis cracks. Root traces record 
the presence of waterlogged paleosols in swamp areas. 

Periodic salinity fluctuations due to freshwater input from 
rivers (freshets of MacEachern et al, 2005) may take place in 
more distal areas, and, in fact, play a major role in delta-front 
and prodelta environments. As a result, even in these distal set- 
tings, ichnofaunas from river-dominated deltas are impoverished. 
Freshets are typically revealed by the association of synaeresis 
cracks, siderite bands and nodules, and depauperate occurrences 
of the Cruziana ichnofacies (MacEachern et al., 2005). Low ichn- 
odiversity of individual suites (Fig. 8.1 8a-b) reveals a stress factor 
due to reduced salinity, and allows distinction from non-deltaic 
strandplain-shoreface successions. However, the local occurrence 




Figure 8.18 Outcrop expression of ichnofaunas from river-dominated delta-front and prodelta deposits, (a) Teichichnus rectus with well-defined 
causative burrow in prodelta siltstone-rich deposits. Upper Carboniferous, Westward Ho! Formation, Bideford Group, north Devon coast, south- 
western England, (b) Bedding-plane view of a monospecific suite of Teichichnus rectus in prodelta siltstone-rich deposits. Upper Carboniferous, 
Westward Ho! Formation, Bideford Group, north Devon coast, southwestern England. Scale bar is 1 cm. (c) Escape trace fossils (arrow) in prodelta 
siltstone-rich deposits. Note overlying unburrowed fluid mudstone. Upper Carboniferous, Westward Ho! Formation, Bideford Group, north Devon 
coast, southwestern England. Lens cover is 5 cm. (d) Rosselia chonoides in delta-front turbidites. Upper Cretaceous, Panther Tongue, Star Point 
Formation, Gentile Wash, near Price, Book Clilfs, eastern Utah, United States. See Bhattacharya et al. (2007). (e) Vertical Ophiomorpha nodosa in 
delta-front turbidites. Upper Cretaceous, Panther Tongue, Star Point Formation, Gentile Wash, near Price, Book Cliff's, eastern Utah, United States. 
See Bhattacharya et al. (2007). (f) Protovirgularia isp. in prodelta-lobe deposits. Upper Cretaceous, Kennilworth Member, Blackhawk Formation, 
Hatch Mesa, Book Cliffs, eastern Utah, United States. Scale bar is 1 cm. (g) Gyrochorte isp. in prodelta-lobe deposits. Upper Cretaceous, Kennilworth 
Member, Blackhawk Formation, south entrance to Tusher Canyon, Book Cliffs, eastern Utah, United States. Scale bar is 1 cm. (h) Skolithos isp. in 
coarse-grained fan-delta front deposits. Upper Cretaceous, Hidden Lake Formation, Bajo de la Angustia, James Ross Island, Antarctica. Scale bar 
is 1 cm. See Buatois and Lopez Angriman (1992a). (i) Palaeophycus tuhularis in coarse-grained fan-delta front deposits. Upper Cretaceous, Hidden 
Lake Formation, Bajo de la Angustia, James Ross Island, Antarctica. Lens cover is 5 cm. See Buatois and Lopez Angriman (1992a). 
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of ichnotaxa more typical of open-marine environments (e.g. 
Phycosiphon, Chondrites) suggests periods of normal-marine sal- 
inity that alternated with dilution due to fluvial discharge. 

In addition to freshwater discharge, water turbidity repre- 
sents another stress factor in river-dominated deltas (see Section 
6.1.8). Deltas that developed under hypopycnal conditions are 
commonly characterized by buoyant plumes leading to rapid 
flocculation of clays (Bates, 1953; Wright, 1977; Kineke et al., 
1996). High suspended loads of fine-grained material related 
to river influx clog the filter-feeding apparatus of suspension 
feeders, therefore resulting in an impoverishment or direct 
suppression of the Skolithos ichnofacies (Gingras et al. 1998; 
MacEachern et al. 2005). In addition, accumulation of fluid 
muds in distal delta fronts and prodeltas imparts a substrate 
stress by reducing boundary shear stress, preventing benthic 
organisms from constructing permanent structures or actively 
backfill tunnels (see Section 6.1.2). Sediment swimming is the 
only possible strategy in these soupy substrates (Schieber, 2003). 
Even in the case that benthic organisms are able to burrow into 
these substrates, preservation of these structures is unlikely 
(Ekdale, 1985). As a result, fluid mud is typically unbioturbated 
or, more rarely, contains “mantle and swirl” biogenic structures 
(Schieber, 2003; Bhattacharya and MacEachern, 2009). 

The delta front and prodelta of river-dominated deltas is 
also influenced by rapid rates of sedimentation. Under hyper- 
pycnal conditions, underflow currents move off river mouths 
along the sea floor. Underflow triggering is particularly com- 
mon at the mouth of small- to medium-sized rivers (Mulder 
and Syvitski, 1995). Hyperpycnal flows are commonly condu- 
cive to rapid deposition. Also, rapid rates of sedimentation are 
associated with sediment gravity flows produced by delta-front 
bar failure. In both situations, colonization of the substrate 
by benthic organisms is inhibited or reduced due to a combin- 
ation of rapid deposition and high frequency of sedimentation 
events (MacEachern et al, 2005). As a consequence, these rap- 
idly emplaced layers tend to be sparsely bioturbated, may con- 
tain escape trace fossils (Figs. 8.18c and 8.19e), and commonly 
display a colonization surface at the top of the event bed (Fig. 
8. 1 8d-e). The low degree of bioturbation of these event beds may 
contrast with the more intense bioturbation of associated finer- 
grained deposits if background sedimentation rate is not high 
(Fig. 8.19a). Under more continuous deposition from river-fed 
density underflows, ichnological evidence indicates animal activ- 
ity contemporaneous with sedimentation instead of colonization 
after a major break in deposition. Highly compressed specimens 
of Thalassinoides filled with parallel-laminated sand may occur 
in sandy hyperpycnites, suggesting high rates of sedimentation 
and emplacement of water-saturated sand (Buatois et al., 2011) 
(Fig. 8.19b). Associated trace fossils are Teichichnus (Fig. 8.19c) 
and Diplocraterion (Fig. 8.19d). In some case, lobes may consist 
of a complex facies mosaic of classic turbidites, sandy hyper- 
pycnites, wave-modified turbidites, and storm-generated beds 
(Pattison, 2005; Pattison et al., 2007). Common ichnogenera 
in these deposits are Protovirgularia (Fig. 8.181), Palaeophycus, 
Skolithos, Gyrochorte (Fig. 8.18g), Phycosiphon, and Rosselia 



(Buatois et al, 2010b). MacEachern et al. (2005) noted that 
hyperpycnal events are commonly linked to freshets and increased 
phytodetrital influx (Fig. 8.19e) creating a whole set of stress fac- 
tors to benthic life. In turn, phytodetrital pulses are linked to 
oxidation of organic carbon and oxygen depletion. It is therefore 
unsurprising that Chondrites is one of the dominant forms in 
many river-dominated prodelta mudstones (MacEachern et al, 
2005). Freshwater discharge may be extreme in glaciated basins 
significantly affecting coastal ecosystems (see Section 8.4). 

The importance of sediment caliper in deltaic depositional sys- 
tems has long been recognized (Orton and Reading, 1993). In the 
case of coarse-grained systems, such as fan deltas, high-energy 
conditions, high rates of sedimentation and dominance of coarse 
grain size are major factors leading to reduced diversity and bio- 
turbation restricted to localized levels (e.g. Ekdale and Lewis, 
1991b; Buatois and Lopez Angriman, 1992a) (Fig. 8.18h-i). 
However, Ekdale and Lewis (1991b) noted relatively high diver- 
sity levels in bar deposits of a gravel and loess fan-delta com- 
plex (Box 8.3). Robust dwelling structures (e.g. Thalassinoides, 
Ophiomorpha) seem to be the dominant components of fan- 
delta ichnofaunas (e.g. Buatois and Lopez Angriman, 1992a; 
Siggerud and Steel, 1999). Fan-delta plain deposits are typically 
unbioturbated (Ekdale and Lewis, 1991b). 

8.3.2 WAVE-DOMINATED DELTAS 

In terms of the importance of stress factors, wave-dominated del- 
tas rank among the least stressful of all deltaic systems (Fig. 8.20) 
(Box 8.4). In fact, distinction of wave-dominated delta front and 
prodelta from wave-dominated strandplain deposits is exceedingly 
difficult and the precise depositional setting of many successions 
remains controversial (e.g. Howell and Flint, 2003; Bhattacharya 
and Giosan, 2003; Bhattacharya, 2006). Ichnofaunas from the 
subaerial delta plain are identical to those from river-dominated 
deltas (see Section 8.3.1), although frequency of crevassing and 
overbank events is lower and, therefore, the Scoyenia ichnofacies 
is not as widespread. 

The subaqueous delta plain is by far the most stressful set- 
ting in wave-dominated deltas. Distributary-channel and inter- 
distributary-bay deposits are sparsely bioturbated and contain 
typical brackish-water assemblages. In fact, distributary-chan- 
nel deposits are commonly unbioturbated; Ophiomorpha (Fig. 
8.21a) and Skolithos may locally occur at colonization surfaces 
typically reflecting pauses in sedimentation or channel aban- 
donment. Escape trace fossils may occur also. Interdistributary- 
bay deposits contain suites that reflect lower-energy conditions. 
Planolites (Fig. 8.21b), Palaeophycus, Teichichnus (Fig. 8.21b), 
and root trace fossils (Fig. 8.21c) are the dominant components 
in protected bay areas. Rosselia (Fig. 8.21d) and Cylindrichnus 
may be present locally. Subaqueous delta-plain assemblages 
display all the characteristics of brackish-water ichnofaunas, 
namely low ichnodiversity, forms typically found in marine 
environments, dominance of infaunal traces rather than epi- 
faunal trails, simple structures produced by trophic generalists, 
mixture of vertical and horizontal traces from the Skolithos 
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Figure 8.19 Core expression of ich- 
nofaunas from river-dominated 
delta-front and prodelta deposits, 
(a) Proximal-prodelta sharp-based 
sparsely bioturbated event sandstone 
layer interbedded with intensely 
bioturbated finer-grained deposits 
containing a trace-fossil suite domi- 
nated by Teichichnus rectus. Middle 
Jurassic, Plover Formation, Sunrise 
and Troubadour fields, Timor Sea, 
northern Australia. Core width is 
10 cm. (b) Flighly compressed, mud- 
lined Thalassinoides isp. showing 
infill with passive parallel lamination 
in sandy hyperpycnal-lobe depos- 
its. Upper Cretaceous, Magallanes 
Formation, Estancia Agua Fresca 
area. Austral Basin, southern 
Patagonia, Argentina. Core width 
is 10 cm. See Buatois et at. (2011). 
(c) Retrusive Teichichnus isp. in sandy 
hyperpycnal-lobe deposits. Upper 
Cretaceous, Magallanes Formation, 
Estancia Agua Fresca area. Austral 
Basin, southern Patagonia, Argentina. 
Core width is 10 cm. See Buatois 
et at. (2011). (d) Long U-shaped 
Dipiocraterion isp. burrows in sandy 
hyperpycnal-lobe deposits. Upper 
Cretaceous, Magallanes Formation, 
Estancia Agua Fresca area. Austral 
Basin, southern Patagonia, Argentina. 
Core width is 10 cm. See Buatois 
et at. (201 1). (e) Escape trace fossils in 
distal delta-front deposits. Note more 
intense bioturbation in underlying 
mudstone. Thin dark lamina of car- 
bonaceous detritus record phytodetri- 
tal pulses. Upper Cretaceous, Ferron 
Sandstone, Ivie Creek #3, Ivie Creek 
area, eastern Utah, United States. 
Core width is 9 cm. See MacEachern 
etai. (2007b). 



and Cruziana ichnofacies, abundance of some ichnotaxa, and 
presence of monospecific suites (see Section 6.1.4). 

Proximal to distal delta-front deposits of wave-dominated 
deltas are commonly characterized by a combination of the 
Skolithos and Cruziana ichnofacies (MacEachern et ah, 2005). 
As in the case of river-dominated deltas, Ophiomorpha is com- 
mon in terminal distributary-channel deposits (Fig. 8.21e). 
Some detritus-feeding traces (e.g. Cylindrichnus) are compo- 
nents of the Skolithos ichnofacies in proximal delta-front depos- 
its. Impoverishment of the Skolithos ichnofacies rather than 



suppression seems to be the norm in wave-dominated deltas 
in contrast to more stressful river-dominated ones. In storm- 
dominated settings, periodic fluvial discharges alternate with 
storm events and suspension fallout, leaving diagnostic ichno- 
logical signatures in the deposits. Repeated storm events rank 
among the most important controlling factors in these deltas. 
Storm-infiuenced clastic deposits comprise two contrasting 
trace-fossil assemblages that reflect the behavioral response 
of the benthic fauna that developed under two successive and 
contrasting environmental conditions (see Section 7.1). The 
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Figure 8.20 Schematic reconstruction 
of trace-fossil distribution in wave- 
dominated deltas. As in the case of 
river-dominated deltas, abandoned- 
channel and overbank deposits of the 
subaerial delta plain typically contain 
Beaconites (Be), Taenidium (Ta), and 
root traces (Rt). Distributary-channel 
deposits of the subaqueous delta plain 
may contain Ophiomorpha (Op) and 
Skolithos (Sk). Interdistributary-bay 
and lagoonal deposits typically dis- 
play Planolites (PI), Teichichnus (Te), 
Palaeophycus (Pa), and root traces 
(Rt). Delta-front deposits may con- 
tain Rossetia {Ro), Ophiomorpha(Op), 
Cylindrichnus (Cy), Thalassinoides 
(Th), Palaeophycus (Pa), Diplocr- 
aterion (Di), Phycosiphon (Ph), and 
Arenicolites (Ar). Prodelta depos- 
its exhibit various ichnotaxa, such 
as Teichichnus (Te), Planolites (PI), 
Phycosiphon (Ph), Chondrites (Ch), 
Protovirgularia (Pr), Zoophycos (Zo), 
Trichichnus (Tr), Asterosoma (As), 
Thalassinoides (Th), Palaeophycus 
(Pa), and Gyrochorte (Gr). 



Box 8.4 Ichnology of a Lower Miocene wave-dominated delta in the subsurface of the Eastern Venezuela Basin 

The Eastern Venezuela Basin hosts a number of deltaic sandstones that have been intensely explored petroleum targets. Detailed 
ichnological and sedimentological observations in cores allow the interpretation of Lower Miocene deposits in the Tacata field as 
the result of progradation of a wave-dominated delta complex. Repeated storms were one the most important controlling factors 
on the front of the Tacata deltas and on the lower/middle shoreface of associated strandplains. Amalgamated, thick-bedded storm 
deposits are typically unburrowed or contain deep vertical Ophiomorpha (Fig. 8.22a). Delta-front and prodelta deposits, although 
being characterized by sparse bioturbation and depauperate trace-fossil suites (Fig. 8.22b-c), contain some ichnotaxa that typ- 
ically do not occur in brackish-water settings, such as Chondrites and Phycosiphon (Fig. 8.22d). Preservation of very thin storm 
layers was regarded as more common of wave-dominated deltas than of strandplain systems because deltaic stresses preclude the 
establishment of an abundant infauna that otherwise would have completely reworked such thin sandstone layers. Tidal infiuence 
was subordinate and restricted to distributary-channel and, particularly, interdistributary-bay deposits. Interdistributary-bay 
deposits are sparsely bioturbated and their ichnofaunas, typically dominated by Teichichnus (Fig. 8.21b) and Planolites, tend to 
display all the characteristics expected from brackish-water settings. Distributary-channel deposits are sparsely bioturbated, but 
the presence of certain ichnotaxa (e.g. Ophiomorpha', Fig. 8.21e) allows distinction from freshwater fluvial channels. Ichnological 
evidence has been essential to differentiate between deltaic and associated along-strike strandplain-shoreface successions, and to 
detect possible delta asymmetry. In particular, Scolicia ichnofabrics (Fig. 8.22e-f) are restricted to fully marine offshore deposits 
that accumulated on the updrift side of the river mouths. Associated fully marine deposits are also characterized by an overall 
increase in ichnodiversity and degree of bioturbation (Fig. 8.22g). This study illustrates how ichnological data used in conjunction 
with sedimentological evidence helps to identify deltaic signatures that otherwise may remain undetected. 

Reference: Buatois et al. (2008). 



resident, fair-weather trace-fossil assemblage records the estab- 
lishment of a benthic community developed under stable and 
rather predictable conditions, and commonly belongs to the 
Cruziana ichnofacies. The storm-related trace-fossil assem- 
blage reflects colonization after storm deposition and records 
the establishment of an opportunistic community, commonly 



represented by the Skolithos ichnofacies (Fig. 8.23a-b). Deep, 
vertical Ophiomorpha, Cylindrichnus, Rosselia, Palaeophycus, 
Arenicolites, Diplocraterion, Skolithos, robust Thalassinoides, 
and escape trace fossils are common components in delta fronts 
of wave-dominated deltas characterized by frequent and intense 
storm events. In these settings the fair-weather suite is poorly 
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Figure 8.21 Outcrop and core 
expression of ichnofaunas from 
subaqueous delta-plain and ter- 
minal distributary-channel depos- 
its in wave-dominated deltas, 
(a) Ophiomorpha isp. at the top 
of a distributary-channel deposit. 
Upper Miocene, Urumaco 
Formation, Urumaco River, north- 
west Venezuela. Pen is 15 cm. (b) 
Sparsely bioturbated interdistribu- 
tary bay/lagoonal deposits contain- 
ing a low-diversity trace-fossil suite 
dominated by Teichichnus rectus 
(arrows). Lower Miocene, Tacata 
Field, Eastern Venezuela Basin. 
Core width is 7 cm. See Buatois et 
at, (2008). (c) Root trace fossils in 
crevasse-splay deposits in an inter- 
distributary bay. Upper Miocene, 
Urumaco Formation, Urumaco 
River, northwest Venezuela. Pen is 15 
cm. (d) Interdistributary-bay depos- 
its containing a low-diversity suite 
dominated by Rosselia isp. (Ro). 
Teichichnus rectus (Te) and Planolites 
montanus (PI) are also abun- 
dant. Upper Permian, San Miguel 
Formation, Mallorquin # 1 core, 
Paraguay. Core width is 8 cm. (e) 
Ophiomorpha nodosa in terminal 
distributary-channel deposits. Lower 
Miocene, Tacata Field, Eastern 
Venezuela Basin. Core width is 7 cm. 
See Buatois et al, (2008). 



developed or directly absent and the storm-related suite domi- 
nates. Storm-dominated delta-front deposits formed under less 
frequent and intense events display a laminated to burrowed 
pattern (lam-scram), and are characterized by the alternation of 
the storm-related and fair-weather assemblages (Fig. 8.23c-f). 
The storm-related suite is similar to that of strongly storm-dom- 
inated types. Rosselia, Planolites, Palaeophycus, Teichichnus, 
Phycosiphon, Chondrites, “Terebellina”, Cruziana, Rusophycus, 
Dimorphichnus, Rhizocoralliwn, Gyrochorte, and Thalassinoides 
are common components of the fair-weather suite. Some ich- 
nogenera, such as Chondrites, Phycosiphon (Fig. 8.24a) and 
Thalassinoides (Fig. 8.24b) can penetrate relatively deep into 
storm sandstone beds. This suite becomes more diverse in the 
distal delta front (Fig. 8.24c-d). Overall, ichnofaunas from wave- 
dominated delta fronts are relatively diverse and very similar to 
those from shoreface settings (see Section 7.1). 

The prodelta of wave-dominated deltas is commonly char- 
acterized by the alternation of suspension fall-out silt and clay 



during fair-weather times and sand emplacement during storms. 
In general, prodelta deposits contain diverse trace-fossil assem- 
blages of the Cruziana ichnofacies, including Rosselia (Fig. 8.24e), 
Asterosoma, Cylindrichnus, Planolites, Palaeophycus, Teichichnus, 
Helminthopsis, Chondrites, Phycosiphon(Fig.^.24r),“Terebe\\ma’\ 
Cruziana, Rusophycus, Dimorphichnus, Rhizocorallium, Phycodes, 
Gyrochorte, Zoophycos, Taenidium, and Thalassinoides {Fig. 8.23g) 
as common elements. Escape trace fossils may occur in distal 
storm beds (Fig. 8.24g). 

In any case, the sporadic occurrence of other stress factors 
related with fluvial discharge (e.g. freshets, high sedimentation 
rates), although not as significant as in river-dominated deltas, 
still imparts a signature in the ichnological record. As noted 
by MacEachern et al. (2005), the juxtaposition of “open mar- 
ine ichnogenera” (e.g. Zoophycos, Phycosiphon, “Terebellina”, 
Chondrites) and stressed suites (e.g. dominated by Teichichnus or 
Planolites) seems to be particularly typical of distal delta-front 
and proximal prodelta settings. In addition to ichnodiversity, the 



8.3 Deltas 



173 




Figure 8.22 Contrasting trace- 
fossil assemblages in deltaic 
and strandplain shorelines, (a) 
Ophiomorpha representing the 
storm-related suite of prox- 
imal delta-front deposits. Lower 
Miocene, Tacata Field, Eastern 
Venezuela Basin. See Buatois et al. 
(2008). (b) Trichichnus isp. (7>) col- 
onizing a distal-prodelta tempest! te. 
Asterosoma isp. (As) represents 
the re-establishment of the back- 
ground suite, (c) Diplocraterion 
isp. colonizing hummocky bed 
in distal delta-front deposits. 

(d) Proximal-prodelta deposits 
displaying unburrowed to sparsely 
bioturbated hummocky cross- 
stratified very fine-grained sand- 
stone with synaeresis cracks and 
high-density suite of Phycosiphon 
incertum in fair-weather mudstone. 

(e) Scolicia isp. displaying char- 
acteristic backfill in fully marine 
offshore deposits. Note trace-fossil 
emplacement within the storm 
sandstone and at the sandstone- 
mudstone interface. (1) Scolicia 
isp. concentrated at the top of 
the offshore storm sandstone 
layer, (g) Intensely bioturbated 
lower-offshore deposits displaying 
Thalassinoides isp. (Th), Zoophycos 
isp. (Zo), Teichichnus isp. (Te), and 
Palaeophycus isp. (Pa). Core widths 
are 7 cm. 



degree of bioturbation shows some departures from that typical 
of non-deltaic fully marine settings. Intensity of bioturbation in 
prodelta and delta-front deposits may range from low to mod- 
erate. This results In the common preservation of very thin tem- 
pestites that otherwise would have been totally destroyed by the 
infauna under fully marine conditions. The links between bio- 
turbation and event-bed preservation have been analyzed by 
Wheatcroft (1990), who noted that if the transient time (i.e. time 
required to advect the signal through the biologically active zone) 
is less than the dissipation time (i.e. time required to destroy the 
event bed), then some evidence of the event layer should be pre- 
served in the stratigraphic record (see Section 7.1). Locally, higher 



degrees of bioturbation are attained in diserete layers dominated 
by fully marine iehnotaxa, indicating times of little deltaic influ- 
ence. Wave-dominated settings do not seem to be conducive to 
emplacement of fluid muds. However, distal delta-front and 
proximal prodelta deposits may locally display unbioturbated, 
dark gray mudstone layers that may reflect fluid-mud sedimenta- 
tion, and the influence of deltaic-related buoyant plumes. 

Integration of ichnological and sedimentological data 
may help to detect asymmetry in wave-dominated deltas. 
Bhattacharya and Giosan (2003) noted that in wave-dominated 
settings with strong longshore drift currents, an asymmet- 
ric delta may result due to preferential sediment movement 
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Figure 8.23 Idmofaunas in out- 
crops of wave-dominated delta-front 
and prodelta deposits, (a) Deep 
Skolithos in distal delta-front tem- 
pestite. Upper Cretaceous, Ferron 
Sandstone, Ivie Creek, eastern 
Utah, United States. Scale bar is 10 
cm. See Bhattacharya et al. (2007). 
(b) Vertical Ophiomorpha in distal del- 
ta-front tempestite. Upper Miocene, 
Urumaco Formation, Quebrada 
Bejucal, northwest Venezuela. Scale 
bar is 5 cm. (c) Intensely burrowed 
fair-weather deposit overlain by a 
sharp-based sparsely bioturbated 
hummocky cross-stratified sand- 
stone emplaced in a proximal delta 
front. Pliocene, Caleta Godoy 
Formation, Mar Brava, near 
Carelmapu, southern Chile. Pencil 
is 15 cm. (d) Close-up of a specimen 
of Ophiomorpha nodosa penetrat- 
ing deep into a proximal delta-front 
hummocky layer. Pliocene, Caleta 
Godoy Formation, Mar Brava, near 
Carelmapu, southern Chile. Scale bar 
is 1 cm. (e) General view of sparsely 
bioturbated thick hummocky cross- 
stratified sandstone formed in a 
proximal delta front. Pliocene, Caleta 
Godoy Formation, Mar Brava, near 
Carelmapu, southern Chile. Scale bar 
is 10 cm. (f) Close-up of (e) showing 
Ophomorpha nodosa (Op), patches 
of Schauhcylindrichnus coronas (Sc), 
Thalassinoides suevicus (Th), and 
Planolites beverleyensis (PI) com- 
monly reworking crustacean bur- 
rows. (g) Deep vertical Thalassinoides 
penetrating into proximal-prodelta 
deposits. Upper Miocene, Urumaco 
Formation, Urumaco River, north- 
west Venezuela. Scale bar is 10 cm. 



downdrift of the distributary mouth. Delta asymmetry is com- 
monly refleeted by trace-fossil distribution with suites display- 
ing a strong deltaic signature downdrift, but with establishment 
of strandplain shorefaee eomplexes having more marine, less 
stressed suites in an updrift direction (MacEachern et al., 2005; 
Hansen and MacEachern, 2007; Buatois et al., 2008). 

8.3.3 TIDE-DOMINATED DELTAS 

In comparison with river- and wave-dominated deltas, tide- 
dominated deltas are less understood from both sedimento- 
logical and ichnologieal viewpoints (Fig. 8.25). The subaerial 
delta plain is similar in terms of ichnologieal content to that 
of river- and wave-dominated settings and is dominated by 
structures produced by freshwater and terrestrial elements. 



The subaqueous delta plain combines a set of stress factors, 
mostly consisting of clay flocculation and fluid-mud deposition 
(MacEachern et al., 2005). Distributary-ehannel deposits are 
sparsely bioturbated, and trace fossils eommonly oceur along 
surfaces that reflect colonization windows during slack-water 
periods. Diplocraterion, Ophiomorpha, and Planolites are com- 
mon components, the latter typically present along mud drapes 
(e.g. Martinius et ah, 2001). Retrusive forms of Diplocraterion 
tend to be dominant, reflecting equilibrium behaviors under 
relatively high rates of sedimentation (e.g. Martinius et al., 
2001 ; MacEachern et al., 2005). Some tide-dominated distribu- 
tary channels, however, are the site of fluid-mud emplacement 
and are, therefore, unbioturbated (e.g. Dalrymple et al., 2003). 
Interdistributary-bay deposits are dominated by Teichichnus 
and Planolites, eommonly associated with synaeresis cracks. 
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Box 8.5 Ichnology of Lower Miocene delta-front and prodelta deposits of a tide-dominated delta of Patagonia, Argentina 

Excellent deltaic outcrops of the Lower Miocene Chenque Formation are exposed along cliff areas near Caleta Olivia, 
Patagonia, Argentina. Their ichnological and sedimentological study allows recognition of clear tidal signatures in prodelta and 
delta-front deposits, which are stacked forming a progradational coarsening-upward succession. Lleterolithic prodelta deposits 
with lenticular and wavy bedding are sparsely bioturbated and display sporadic distribution of trace fossils. Deposit-feeder 
structures, such as Planolites montanus (Fig. 8.26a), Protovirgularia isp. (Fig. 8.26b), and Teichichnus rectus, are dominant, rep- 
resenting an impoverished expression of the Cruziana ichnofacies. Flaser-bedded sandstone characterizes the prodelta-delta 
front transition. These deposits are almost completely obliterated by equilibrium/adjustment trace fossils of large bivalves 
(Atrina) (Fig. 8.26c and d). Associated trace fossils are Nereites missouriensis, Teichichnus rectus (Fig. 8.26e), Phycosiphon 
incertum (Fig. 8.26f), Thalassinoides isp. (Fig. 8.26f), and Schaubcylindrichnus freyi. Trough and planar cross-stratified distal 
delta-front sandstone is dominated by large Rosselia socialis and Macaronichnus segregatis (Fig. 8.26g). The associated mud 
drapes blanketing the sandstone foresets commonly contain Nereites missouriensis and Protovirgularia isp. Proximal delta- 
front deposits are characterized by sigmoidal cross-stratification and very sparse bioturbation, represented by Macaronichnus 
segregatis and isolated specimens of Rosselia socialis. Changes in salinity, water turbidity, fluid mud substrates, and fluctua- 
tions in energy and in sedimentation rates are among the most important stress factors that affected these deltaic infaunal 
communities. Overall, this ichnofauna is characterized by shallow-tiered communities, impoverished trace-fossil assemblages, 
dominance of deposit-feeder structures, and inhibition of suspension-feeder elements. This study helps to explain how tide- 
influenced deltaic ichnofaunas are shaped by the relative influence of the different stress factors. 

References: Carmona et al. (2009). 



Root traces occur in interdistributary-bay deposits and at the 
top of channel-abandonment successions. In general, ichno- 
faunas from the subaqueous delta plain of tide-dominated 
deltas follow the tenets of the brackish-water model (see 
Section 6.1.4). 

Delta-front and prodelta environments contain repre- 
sentatives of the Cruziana ichnofacies, including Gyrochorte, 
Thalassinoides, Phycosiphon, Chondrites, Siphonichnus, 
Diplocraterion, Teichichnus, Palaeophycus, Planolites, and 
Rhizocorallium, among other ichnotaxa (Mcllroy, 2004b, 
2007b; MacEachern et al., 2005; Carmona et al., 2008, 2009) 
(Box 8.5). Equilibrium structures {Rosselia, bivalve adjust- 
ment structures) are rather common (Carmona et al., 2008, 
2009). High-energy subtidal sandbars and dunes are either 
unbioturbated or contain elements of the Skolithos ichno- 
facies, such as Skolithos and Diplocraterion, reflecting short- 
term colonization windows during breaks in sedimentation. 
Mud drapes along foresets are sparsely bioturbated, and typ- 
ically contain Planolites. Synaeresis cracks occur locally prob- 
ably in relation with salinity fluctuations (MacEachern et al., 
2005). Ichnodiversity levels in tide-dominated delta-front and 
prodelta environments are poorly understood. MacEachern 
et al. (2005) summarized known occurrences and noted size 
reduction, sparse bioturbation, and low diversity levels, with 
trace fossils concentrated along pause planes. In contrast, 
Mcllroy (2004b) documented relatively diverse ichnofaunas 
in a case study of deltaic ichnology. Nevertheless, there is gen- 
eral agreement that tide-dominated delta fronts and prodel- 
tas are less diverse than their wave-dominated counterparts 
(Mcllroy, 2004b; MacEachern et al., 2005). However, ichno- 
diversity levels seem to be higher than in river-dominated del- 
tas (Mcllroy, 2007b). 



8.4 FJORDS 



Fjords are deep, high-latitude estuaries that have been excavated 
or modified by land-based ice (Syvitski et al., 1987). The ichnol- 
ogy of fjords remains poorly explored, with only a few papers 
dealing with modern (e.g. Aitken et al., 1988), Cenozoic (e.g. 
Eyles et al., 1992; Corner and Fjalstad, 1993), and late Paleozoic 
(e.g. Nogueira and Netto, 2001; Buatois and Mtogano, 2003b; 
Balistieri et al., 2002, 2003; Gandini et al., 2007; Buatois et al., 
2006a, 2010a; Schatze/a/., 2011) examples (Fig. 8.27). However, 
ichnological evidence is essential to resolve paleoenvironmental 
interpretations in fjord successions, commonly representing the 
only available biological data because of the low preservation 
potential of shelly faunas in marine environments adjacent to 
glaciated margins (Aitken, 1990). 

Fjords include a wide variety of environmental stresses that 
affect benthic colonization, including extreme salinity dilution, 
high rates of sedimentation, variable degree of substrate con- 
solidation, oxygen-depleted conditions, high water turbidity, 
and intense storm activity. In polar areas, seasonal light restric- 
tion and floating ice masses contributing to ice-rafted debris 
rainfall may be important stress factors. 

Salinity dilution is undoubtedly one of the most sig- 
nificant stress factors because fjords are characterized by 
strong meltwater discharge issuing from seasonal glacial 
melting. Increased precipitation and runoff during summer 
lead to reduced salinity (e.g. Feder and Reiser, 1980). As a 
result, most Cenozoic and Holocene fjords are dominated 
by brackish-water ichnofaunas (Eyles et al., 1992; Corner 
and Fjalstad, 1993). High freshwater discharges due to gla- 
cier melting and associated catastrophic outburst floods are 
known for a number of glaciated margins, such as the Baltic 





Figure 8.24 Core expression of ichnofaunas from wave-dominated delta-front and prodelta deposits, (a) Phycosiphon penetrating into a hummocky 
cross-stratified sandstone emplaced in the proximal delta front. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, 
northern Australia. Core width is 10 cm. (b) Distal delta-front sandstone tempestite containing deeply emplaced Thalassinoides isp. {Th). Chondrites 
isp. (Ch) occurs in associated fair-weather deposits. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. 
Core width is 10 cm. (c) Distal delta-front heterolithic deposits containing a diverse fair-weather trace-fossil suite consisting of Teichichnus rectus (7h), 
Ophiomorpha nodosa (Op), Palaeophycus isp. (Pa), Thalassinoides isp. (Th), and Planolites isp. (PI). Note the presence of an overlying sharp-based 
storm sandstone bed. Upper Cretaceous, Ferron Sandstone, Ivie Creek #11, Ivie Creek area, eastern Utah, United States. Core width is 9 cm. See 
MacEachern et al. (2007b). (d) Sparsely bioturbated to locally moderately bioturbated distal delta-front deposits containing well-defined Chondrites. 
Upper Cretaceous, Ferron Sandstone, Muddy Creek #11, Muddy Creek area, eastern Utah, United States. Core width is 9 cm. See Pemberton et 
al. (2007). (e) Rosselia isp. in thin storm sandstone layers emplaced in a proximal prodelta. Upper Permian, San Miguel Formation, Mallorquin # 
1 core, Paraguay. Core width is 8 cm. (f) Phycosiphon penetrating into a distal sandstone tempestite emplaced in a proximal prodelta. Note associ- 
ated mud drapes indicative of tidal influence, load cast at the base of an overlying tempestite, and unbioturbated mudstone units interpreted as fluid 
muds. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. (g) Escape trace fossils 
(arrows) in proximal-prodelta sandstone tempestites. Upper Permian, San Miguel Formation, Mallorquin # 1 core, Paraguay. Core width is 8 cm. 
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Overbank - Abandoned disbibutary channels 
(Subaeiial delta plain) 



Distributary channels 
(Subaqueous delta plain) 



Interdistiibutary bays 
Tidal flats 



Prodelta 



Tidal dunes and bars 
(Delta front) 



Figure 8.25 Schematic recon- 
struction of trace-fossil distri- 
bution in tide-dominated deltas. 
Abandoned-channel and overbank 
deposits of the subaerial delta 
plain may contain Beaconites (Be), 
Taenidium (Ta), and root traces 
(Rt). Distributary-channel deposits 
of the subaqueous delta plain may 
contain Ophiomorpha (Op) and 
Diplocraterion (Di)\ Planolites (PI) 
may occur on mud drapes along 
foresets. Interdistributary-bay and 
tidal-flat deposits typically exhibit 
Planolites (PI), Teichichnus (Te), 
Palaeophycus (Pa), and root traces 
(Rt). Tidal-dune and bar depos- 
its of the delta-front may host 
Thalassinoides ( Th), Palaeophycus 
(Pa), Diplocraterion (Di), and 
SkoHthos (Sk). Prodelta deposits 
exhibit various ichnotaxa, such as 
Teichichnus (Te), Phycosiphon (Ph), 
Chondrites (Ch), Rossetia (Ro), 
Palaeophycus (Pa), Scalichnus (SI), 
and Gyrochorte (Gr). 



and Labrador Seas (Lord, 1990; Shaw and Lesemann, 2003). 
Some of the most extreme cases of freshwater discharges 
occur during deglaciation times. In fact, glacial melting may 
lead to the formation of extensive freshwater bodies that are 
physically connected with the open sea. For example, the 
Flolocene Yoldia Sea was freshwater in the northern Baltic 
Sea Basin due to high input meltwater during deglaciation 
during most of its history (Virtasalo et al., 2006). Times of 
elevated concentration of suspended sediment promote for- 
mation of hyperpycnal flows in fjord environments (Syvitski 
et al., 1987). Only exceptional discharges overcome the 
buoyancy effect of seawater in modern examples, but high- 
discharge hyperpycnal flows may have been the norm during 
deglaciation. In addition, because large discharges reduce the 
salinity of the fjord, the likelihood of hyperpicnal flows is 
increased providing a positive feedback. In these situations 
marine benthic fauna are inhibited due to reduced salinity, 
allowing colonization by a freshwater biota. This situation 
seems to have been quite common in late Paleozoic glaciated 
margins of Gondwana, which display ichnological signatures 
of extreme freshwater release during deglaciation (Buatois 
et al., 2006a, 2010a). In fact, some Gondwana fjord ichno- 
faunas are virtually identical to those from Pleistocene gla- 
cial lakes (e.g. Gibbard and Stuart, 1974; Gibbard, 1977; 
Gibbard and Dreimanis, 1978; Walter and Suhr, 1998; 
Gaigalas and Uchman, 2004; Uchman et al., 2009; Benner 
et al., 2009; Knecht et al., 2009) (see Section 10.3.2) (Fig. 



8.28a-c). Although some of these settings have been referred 
to as “brackish seas”, in fact they may be more appropriately 
called “freshwater seas” because of the dominance of fresh- 
water conditions due to extensive melting during postglacial 
times (Buatois et al., 2006a, 2010a; Buatois and Mangano, 
2007). In many cases, however, brackish-water ichnofau- 
nas also occur in these late Paleozoic successions, reflecting 
increased marine influence. 

Fligh rates of sedimentation are persistent in the fjord envir- 
onment as a result of high fluvial input. In addition, mass-sedi- 
ment transport, eolian transport, and input from wave and tidal 
erosion also play a role (Syvitski et al, 1987). In particular, high 
sedimentation rate affects the epifauna by subjection to floe and 
agglomerate rain, microturbidity flows due to biological resus- 
pension of unstable slope sediment, and disturbances due to 
major slides (Farrow et al., 1983). Bioturbation is commonly 
inhibited close to the bay-head delta due to rapid sediment accu- 
mulation. Abundance of escape trace fossils and dwelling struc- 
tures, such as Conichnus and Diplocraterion, has been linked to 
rapid sedimentation (e.g. Eyles et al, 1992). Rapid sedimentation 
is also a limiting factor for larval settlement (Farrow et al., 1983). 
As a result of high sedimentation rates and steep margins, fjords 
are strongly affected by sediment gravity flows, most commonly 
turbidity currents and debris flows. Lligh frequency of sediment 
gravity flows carrying significant amounts of food seems to have 
prevented establishment of the Nereites ichnofacies, allowing 
extension of the Cruziana ichnofacies into deeper water (Eyles 





Figure 8.26 Ichnofaunas from delta- 
front and prodelta deposits of a Lower 
Miocene tide-dominated delta, Chenque 
Formation, Caleta Olivia, Patagonia, 
Argentina. See Carmona et at. (2008, 
2009). (a) Heterolithic proximal-prodelta 
deposits containing a monospecific suite 
of small Pkmolites montanus (arrows). 
Note abundance of synaeresis cracks. 
Coin is 2.4 cm. (b) Protovirgularia isp. 
in proximal-prodelta deposits. Coin is 
2.4 cm. (c) High density of equilibrium/ 
adjustment trace fossils produced by the 
bivalve Atrina in deposits emplaced at 
the transition between the delta front 
and the prodelta. Scale bar is 10 cm. 

(d) Close-up of equilibrium/adjustment 
trace fossil showing structures left 
by the byssal threads (arrow) and 
the body fossils of their tracemak- 
ers at the end of the trace fossil. 

(e) Transitional prodelta-delta front 
deposits containing Teichicimus rectus. 
Coin is 1.8 cm. (f) Thalassinoides isp. 
reworked by Phycosiphon incertum in 
transitional deposits. Scale bar is 1 cm. (g) 
Macaronichnus segregatis in distal delta- 
front deposits. Lens cover is 5.5 cm. 
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Figure 8.27 Schematic reconstruction of 
trace-fossil distribution in fjords. Fjord-head- 
deposits are sparsely bioturbated, and contain 
a few forms, such as robust Diplocraterion (Di) 
and Conichnus (Cn). An increase in degree of 
bioturbation and trace-fossil diversity charac- 
terizes brackish-embayment deposits, which 
may contain Arenicolites (Ar), Diplocraterion 
(Di), Siphonichnus (Si), Teichichnus (Te), 
Thalassinoides (Th), Planolites (PI), 
Palaeophycus (Pa), Conichnus (Cn), Chondrites 
(Ch), and Diopatrichnus (Dt). Fjord-lake and 
freshwater-embayment deposits are char- 
acterized by Undichna (Un), Mennia (Me), 
Cochtichnus (Co), Gordia (Go), Diplopodichnus 
(Dp), and Diplichnites (Di). Associated firm- 
ground surfaces contain Skolithos (Sk), 
Gastrochaenolites (Ga), Rhizocorallium (Rz), 
Diplocraterion (Di), and Thalassinoides (Th). 
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Figure 8.28 Ichnofaunas from late 
Paleozoic fjord deposits of 

Gondwana. (a) Orchesteropus 

atavus. Upper Carboniferous, 
Guandacol Formation, Huerta 
de Huachi, Paganzo Basin, west- 
ern Argentina. Scale bar is 1 
cm. See Buatois and Mangano 
(2003b). (b) Helminthoidichnites 
tenuis. Upper Carboniferous, 
Guandacol Formation, Huerta de 
Huachi, Paganzo Basin, western 
Argentina. Scale bar is 1 cm. See 
Buatois and Mangano (2003b). 
(c) Diplichnites isp. cross-cutting 
a high-density suite consisting of 
Helminthoidichnites tenuis. Upper 
Carboniferous-Lower Permian, 
Rio do Sul Formation, Trombudo 
Central, Santa Catarina State, 
Parana Basin, southern Brazil. Coin 
is 2 cm. See Nogueira and Netto 
(2001). (d) Diplopodichnus hiformis 
and Cruziana isp. with associated 
dropstones. Upper Carboniferous, 
Guandacol Formation, Cuesta de 
Huaco, Paganzo Basin, western 
Argentina. Scale bar is 10 cm. See 
Schatzeta/. (2011). 



et al, 1992). Ice-rafted debris rainfall also represents a stress fac- 
tor on the benthic biota, and the presence of trace fossils in direct 
association with dropstones is not uncommon in late Paleozoic 
Qord deposits (e.g. Schatz et al, 201 1) (Fig. 8.28d). 

A number of papers have documented the role of water tur- 
bidity in modern fjords (e.g. Feder and Matheke, 1980; Farrow 
et ah, 1983). Modern fjord waters contain high concentrations 
of fine-grained particles that commonly preclude the establish- 
ment of suspension-feeder organisms (see Section 6.1.8). The 
dominance of horizontal feeding traces of deposit and detritus 



feeders, and the absence of vertical burrows of suspension feed- 
ers in ancient fjord deposits is also suggestive of high amounts 
of suspended fine-grained material (Buatois et al., 2006a). The 
abundance of deeply plowing deposit feeders may also have 
contributed to the exclusion of suspension feeders (Feder and 
Matheke, 1980; Eyles et al, 1992) (see Section 6.7). 

The degree of substrate consolidation is extremely variable 
in fjord environments. Muddy soupgrounds seem to be rather 
common close to the glacier margin, imparting a strong stress 
to epifaunal communities (see Section 6.1.2). Eyles et al. (1992) 
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noted that polychaetes and deposit-feeding bivalves are the dom- 
inant components in these soupy substrates. Suspension feeders 
are typically absent. Softground communities containing more 
varied epifauna and infauna tend to occur towards more distal 
positions. Fluid muds are typically unbioturbated. In addition, 
current-winnowed substrates commonly contain firmgrounds 
with associated suites of the Glossifungites ichnofacies character- 
ized by deep gravel-filled Skolithos and Gastrochaenolites (Dale 
et al., 1989; Eyles et al, 1992). 

Dissolved oxygen concentration in fjord bottom waters is 
extremely variable (Syvitski et al., 1987). The bottom of some 
fjords may be characterized by oxygen depletion, particularly 
in enclosed basins with a high concentration of organic matter. 
In these settings, the redox discontinuity surface is very close to 
the sediment-water interface, restricting the activity of infaunal 
organisms (Syvitski et ah, 1987). As a result, shallow-tier struc- 
tures of small deposit feeders tend to be the dominant com- 
ponents (Pearson, 1980). Anoxic to dysaerobic conditions are 
particularly common at times. However, the activity of bottom 
currents may supply oxygen to the fjord floor in some basins (e.g. 
Eyles et al., 1992). 

Some fjords are subjected to intense wave action due both to 
wind funneled from the interior to the sea and to large shore- 
ward-traveling swells (Syvitski et al, 1987). This results in the 
deep emplacement of the storm wave base in some Arctic and 
Antarctic fjords. For example, the storm wave base is deeper 
than 200 m in the Gulf of Alaska, influencing the entire shelf 
bottom (O’Clair and Zimmerman, 1987). Therefore, repeated 



storms impart a strong stress in benthic communities and affect 
populations established in relatively deep water (see Section 7.1). 
This stress is expressed by deep erosion and strong resuspension 
of sediment that remains close to the sediment-water interface. 

As a consequence of these series of commonly intercon- 
nected stress factors, the taxonomic composition of fjord 
ichnofaunas is highly variable. Late Paleozoic fjord ichno- 
faunas typically contain representatives of the Mermia and 
Scoyenia ichnofacies as a result of the predominance of fresh- 
water conditions (e.g. Buatois and Mangano, 2003b). Simple 
grazing trails (e.g. Cochlichnus, Gordia, Helminthoidichnites, 
Helminthopsis, Mermia), feeding traces (e.g. Circulichnis, 
Trepticlmus), resting traces (e.g. Rusophycus), arthropod track- 
ways (e.g. Diplichnites, Maculichna, Umfolozia, Orchesteropus), 
and fish trails (e.g. Undichna) are common ichnotaxa. Because 
these structures are preserved along bedding planes, record- 
ing emplacement in very shallow tiers, the degree of bioturb- 
ation is typically zero. Associated brackish-water intervals 
are slightly more bioturbated, and contain the depauperate 
Cruziana ichnofacies (Buatois et al., 2010a). Most Cenozoic 
and modern fjords contain ichnofaunas that record the activ- 
ity of organisms adapted to brackish water (e.g. Aitken et al., 
1988; Eyles et al., 1992). Common components include bivalve 
vertical burrows [Siphonichnus), U-shaped vertical burrows 
(e.g. Arenieolites, Diplocraterion), gravel-lined polychaete bur- 
rows (Diopatrichnus), and crustacean galleries (Thalassinoides), 
among other forms. The degree of bioturbation is typically low 
to moderate. 
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Y cuando me hundo en el mar 
de la fertilidad, 
un silencio visual: 
es la fauna abisal 
reflejando el color del sol 

Gustavo Cerati 
Lisa (1993) 

Deep-marine trace fossils have long fascinated ichnologists with 
their amazing variety of shapes and sizes, arranged in regular and 
recurrent patterns (Fuchs, 1895). Graphoglyptids preserved at the 
base of sandy turbidites have represented a challenging puzzle. 
Trace fossils preserved in turbidites exposed mostly in European 
Mountain Chains (Fuchs, 1895; Azpeitia-Moros, 1933; Seilacher, 
1962, 1977a; Ksiqzkiewicz, 1970, 1977; Crimes, 1977; Crimes etal., 
1981), but also in South (Macsotay, 1 967) and North (Chamberlain, 
1971) America rapidly captured the attention of ichnologists. These 
structures were originally interpreted as post-turbidite (Seilacher, 
1960), but after further research Seilacher (1962) was able to dem- 
onstrate that graphoglyptids were in fact pre-turbidite trace fossils 
formed as shallow-tier open burrow systems in the hemipelagic mud 
and preserved due to uniform stripping of the uppermost muddy 
layer by the incoming turbidity current and subsequent casting with 
sand. In another seminal paper, Seilacher(1977a)introducedamor- 
phological classification of these structures, including continuous 
meanders (e.g. Helminthorhaphe and Cosmorhaphe), uniramous 
meanders (e.g. Belorhaphe, Helicolithus, and Urohelminthoida), 
biramous meanders (e.g. Desmograpton and Paleomeandrori), 
radial structures (e.g. Glockerichms and Lorenzinia), irregular 
networks (e.g. Megagrapton and Acanthorhaphe), and regular 
networks (e.g. Pakodictyon). The fact that these structures were 
originally described and interpreted from the fossil record, and 
only later recorded in the modem deep sea has been regarded as 
an example of reverse uniformitarianism, in which the past is the 
key to the present (Frey and Seilacher, 1980). Recent years have 
witnessed extraordinary progress in our understanding of the ich- 
notaxonomy of deep-marine trace fossils. Following a long trad- 
ition started by Polish ichnologist Marian Ksi^zkiewicz, a number 
of monographs have been published during the last 15 years or so 
(Uchman, 1995, 1998, 1999, 2001), allowing the establishment of a 
systematic framework to classify deep-marine trace fossils. Parallel 
to this, significant progress was attained in our knowledge of bio- 
genic structures formed in the modem deep sea (e.g. Werner and 
Wetzel, 1982; Wetzel, 1981, 1984, 1991, 2002, 2008). Integration 
of modern observations and detailed systematic work are now 
resulting in more finely tuned ichnological and sedimentological 
models of turbidite systems (e.g. Wetzel and Uchman, 2001; Ponce 



et al., 2007; Olivero et al, 2010; Wetzel, 2010; Carmona and Ponce, 
2011), including studies in based on cores (Knaust, 2009). In all 
probability, future work will emphasize the search for compara- 
tive ichnological signatures of various deep-sea processes, such as 
episodic turbidity currents, hyperpycnal flows, and bottom cur- 
rents (e.g. Wetzel et ah, 2008). In this chapter, we will review the 
ichnology of deep-marine environments, covering both slopes and 
base-of-slope turbidity systems. In order to do so, we will subdivide 
slopes in topographically simple and topographically complex, and 
turbidite systems into fine-grained and coarse-grained. 

9.1 SLOPES 



The continental slope extends from the slope break at the shelf 
edge to the basin plain (Stow, 1985; Pickering et al., 1989; Flint 
and Hodgson, 2005). Slopes are topographically variable ran- 
ging from relatively simple to complex, including depressions 
and highs that result from faulting, folding, salt tectonics, 
and mud diapirism (Smith, 2004). Because most ichnological 
studies of deep-marine deposits have focused on the diverse 
suites present in thin-bedded sandstone turbidites that typic- 
ally accumulate in base of slope-basin-plain submarine fans, 
those ichnofaunas present on the slope itself have received com- 
paratively little attention. However, examination of a number 
of studies (e.g. Werner and Wetzel, 1982; Wetzel, 1981, 1983; 
Buatois and Mangano, 1992; Fu and Werner, 1994; Savrda 
et al, 2001; Lowemark et al., 2004; Shultz and Hubbard, 2005; 
Encinas et al, 2008) allows some generalizations to be estab- 
lished. Slope systems are herein classified in topographically 
simple and topographically complex, which should be regarded 
as end members (see also Smith, 2004). Oxygen content is a 
first-order limiting factor on slope benthic faunas, and is in turn 
a reflection of topographic confinement which controls water 
circulation (Pickering et al, 1989). 

9.1.1 TOPOGRAPHICALLY SIMPLE SLOPES 

Topographically simple slopes are characterized by open 
unconfined areas separated by confined incised canyons 
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Incised canyon 




Figure 9.1 Schematic reconstruction of trace-fossil distribution in topographically simple slopes. Trace-fossil associations may be relatively diverse. 
Firmground Thalassinoides (Th) and Rhizocorallium (Rh) are relatively common at the base of incised canyon surfaces. Slope-fan deposits are char- 
acterized by dwelling traces of suspension feeders, such as Skolithos (Sk), Arenicolites (Ar), and Palaeophycus (Pa). Slope-fan fringe deposits tend to 
display feeding and grazing traces of deposit feeders, such as Nereites (Ne), Scolicia (Sc), Phycosiphon (Ph), and Taenidium ( Ta). Base-of-slope-wedge 
deposits are sparsely bioturbated, and may contain Zoophycos (Zo) and Planolites (PI). Open-slope deposits are intensely bioturbated, and typically 
display Zoophycos (Zo), Chondrites (Ch), and Planolites (PI). 



(Fig. 9.1). Levee channels may be locally present (Posamentier 
and Walker, 2006). Slope fans flanked by fringe areas occur 
on the open unconflned areas. The base of the slope is com- 
monly characterized by a wedge of coarse-grained sediment. 
Examples include both passive margins, such as the contin- 
ental slope off northwest Africa (Wetzel, 1981) and active 
margins, such as the Sulu Sea (Wetzel, 1983). In these set- 
tings, ponded intra-slope minibasins are relatively rare. 
Topographically simple slopes display less stressful conditions 
and tend to have higher oxygen content than in ponded sys- 
tems as a result of water circulation. The base of the incised 
canyons may be delineated by elements of the Glossifungites 
ichnofacies (see Section 12.2.2). Bioturbation is commonly 



inhibited within the canyon due to high frequency of sedi- 
ment gravity flows, but open unconflned areas of the slope 
are typically completely bioturbated (Wetzel, 1981, 1983; 
Uchman, 1995) (Box 9.1). 

Topographically simple slope systems contain a much wider 
diversity of oxygen-related suites, reflecting more variable 
conditions of water circulation (Wetzel, 1983; Buatois and 
Mangano, 1992; Lowemark et ah, 2004) (Fig. 9.1). Ichnofaunas 
are dominated by feeding traces of deposit feeders, particu- 
larly in the unconflned open-slope and slope-fan fringe depos- 
its. Zoophycos, Chondrites (Fig. 9.2a), Trichichnus, Teichichnus 
(Fig. 9.2a), and Planolites are typically abundant in both mod- 
ern and ancient examples, and Scolicia and Taenidium may be 
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Box 9.1 Ichnology of modern slope to deep-sea sediments in the Sulu Sea Basin of the Philippines 

Studies of cores from modern slope to deep-sea deposits of the Sulu Sea Basin provide valuable information to understand 
environmental distribution of biogenic structures, as well as controls on the benthic fauna and preservation potential of 
animal traces. Three main ichnocoenoses have been identified. The slope and rise ichnocoenose occurs in sediments down to 
water depths of 3800 m. Slope and rise muds and oozes are thoroughly bioturbated, and the ichnocoenose is dominated by 
incipient Helminthopsis, Planolites, and Thalassinoid.es, with the subordinate presence of Chondrites, Scolicia, Trichichnus, 
Skolithos, and Zoophycos. Biodeformational structures are also common. This ichnocoenose essentially represents the 
Zoophycos ichnofacies. The transitional slope to abyssal-plain ichnocoenose occurs between 3800 and 4400 m deep. The 
degree of bioturbation is lower than in adjacent slope and abyssal-plain environments, and biogenic structures tend to be 
rather small. Planolites is the dominant discrete trace. The abyssal-plain ichnocoenose is present below water depths of 4400 
m, in areas with abundant intercalation of turbidites. Although the degree of bioturbation is only 20%, the diversity of 
biogenic structures is the highest, with 15 ichnotaxa recognized. Taenidium and Phycosiphon are dominant. Graphoglyptids 
are absent, most likely reflecting a combination of erosion by turbidity currents, high rates of sedimentation, high nutrient 
availability, and destruction by deep-tier burrows. Biogenic structures are of small size and maintain a connection with the 
sea bottom to allow circulation of oxygenated waters essential for animal respiration. Overall, the Sulu Sea ichnofauna is 
clearly limited by oxygen content; high sedimentation rates and abundant food supply also play a role. 

Reference: Wetzel (1983). 




Figure 9.2 Characteristic trace fos- 
sils of slope deposits from the Lower 
Cretaceous Kotick Point Formation, 
Kotick Point, James Ross Island, 
Antarctica, (a) Chondrites isp. and 
Teichichniis rectus, (b) Arenicolites 
isp. (c) Cladichnus fischeri reworked 
by Phycosiphon incertum. (d) 
Nereites missouriensis. All scale bars 
are 1 cm. See Buatois and Mangano 
(1992). 



also present. Dwelling structures of suspension feeders, such 
as Palaeophycus, Skolithos, and Arenicolites (Fig. 9.2b) and 
burrow systems (Thalassinoides) occur locally, mostly in slope- 
fan deposits. The radial trace fossil Cladichnus (Fig. 9.2c), the 
spreite structure Phycosiphon (Fig. 9.2c), and grazing trails of 
deposit feeders, such as Nereites missouriensis (Fig. 9. 2d) occur 
in sandy turbidite layers (Buatois and Mangano, 1992). Base- 
of-slope-wedge deposits are typically sparsely bioturbated, and 
only locally may contain Zoophycos (Zo) and Planolites (PI). 



Ichnofabrics tend to show more complex tiering structures than 
in topographically complex slopes (Buatois and Mangano, 
1992). Moderately diverse ichnofaunas are also present in par- 
tially ponded slope minibasins, which tend to contain abundant 
sand-rich turbidites (Shultz and Flubbard, 2005). Although ich- 
nodiversity levels are higher than in the Zoophycos ichnofacies 
of topographically complex slopes, these are remarkably lower 
than those in the Nereites ichnofacies. Substrates are nutri- 
ent rich, and therefore highly complex systems, such as those 
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Ponded slope 




Figure 9.3 Schematic reconstruction 
of trace-fossil distribution in topo- 
graphically complex slopes. These 
deposits are only locally bioturbated, 
and may contain Zoophycos (Zo), 
Chondrites (Ch), and Trichichnus (Tr). 



illustrated by graphoglyptids, are not present (Wetzel, 1983). 
Overall, ichnofaunas from topographically simple slopes illus- 
trate the Zoophycos ichnofacies with the addition of elements 
more typical of a distal Cruziana ichnofacies. 

9.1.2 TOPOGRAPHICALLY COMPLEX SLOPES 

Topographically complex slopes exhibit local topographic depres- 
sions and highs induced by deformation in the substrate (Smith, 
2004) (Fig. 9.3). The classic example of topographically complex 
slopes is the Gulf of Mexico (Prather et ah, 1998; Pirmez et ah, 
2000), but silled basins also occur in active-plate margins, such 
as the southern California borderland (Ingle, 1980). Available 
information indicates that these slopes are characterized by the 
formation of fault-controlled, silled, intra-slope minibasins, dis- 
play limited deep-water circulation, and are commonly anoxic 
or dysaerobic. Turbidite systems tend to show various degrees 
of confinement, from cascades of silled sub-basins to connected 
tortuous corridors (Smith, 2004). Low current velocities and 
enhanced deposition of particulate organic matter in ponded 
areas lead to low pore-water oxygen levels (Lowemark et ah, 
2004). Ingle (1980) noted that if the depth of the sill is within 
the oxygen-minimum layer, all of the water below sill depth will 
be anoxic regardless of the maximum depth of the basin floor. 
Therefore, silled intra-slope minibasins are commonly non-bi- 
oturbated due to anoxic conditions or, more rarely, may con- 
tain very low-diversity ichnofaunas due to dysaerobia (Fig. 9.3). 
Monospecific assemblages of Chondrites are the most abundant 
suites in ponded slopes (Fu and Werner, 1994; Encinas et ah, 
2008). Zoophyeos and Trichichnus may also be present. In any 
case, bioturbation is restricted to discrete intervals, which alter- 
nate with non-bioturbated units. Increased intensity of bioturb- 
ation and ichnodiversity may in some cases reflect shallowing 
(Conybeare et al., 2004). If bioturbated at all, topographically 
complex slope systems are characterized by the Zoophycos 
ichnofacies. 



9.2 DEEP-MARINE TURBIDITE SYSTEMS 



Deep-marine turbidite systems or submarine fans are formed 
by deposition of sediment gravity flows. Turbidite systems are 
remarkably complex and a wide variety of classification schemes 
and facies models have been proposed over the years (e.g. Mutti 
and Ricci Lucchi, 1972; Walker, 1978; Mutti, 1979, 1985, 1992; 
Mutti and Normark, 1991; Reading and Richards, 1994). A use- 
ful subdivision that helps to frame observations on deep-marine 
ichnofaunas is that of fine-grained and coarse-grained turbidite 
systems (Bouma, 2000a, b, 2004). 

9.2.1 EINE-GRAINED TURBIDITE SYSTEMS 

Fine-grained turbidite systems are characterized by (1) high 
sandstone/shale ratio at the base-of-slope and outer fan, but low 
ratio in the mid fan; (2) fine- and very fine-grained sand with 
abundant silt and clay particles; and (3) interfingering with basin 
deposits (Bouma, 2000a, b, 2004). Because of the abundance of 
very fine-grained sediment, fine-grained turbidite systems are 
efficient systems (Mutti, 1979). These systems are more typical 
of passive margins (although examples are known from fore- 
land basins), and tend to occur in basins with wide shelves and 
coastal plains. A channel complex is formed at the base of the 
slope, consisting of channels fianked by levees and overbanks, 
and separated by interchannel areas. The breaching of levees 
results in the formation of crevasse-splay deposits (Posamentier 
and Kolia, 2003). Channels bifurcate, forming distributary chan- 
nels in the mid fan, which feed sheet-sand depositional lobes in 
the outer fan, also known as frontal-splay complexes (Bouma, 
2000a, b, 2004; Posamentier and Kolia, 2003). 

Fine-grained turbidite systems commonly contain some of 
the most spectacular ichnofaunas described from the fossil 
record with respect to diversity, abundance, and complexity (e.g. 
Ksi^zkiewicz, 1970, 1977; Seilacher, 1977a; Crimes, 1977; Crimes 
et al., 1981; Leszczynski, 1992a; Uchman, 1995, 1998, 1999, 
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Box 9.2 Ichnology of Eocene fine-grained turbidite systems of the Hecho Group in the Ainsa-Jaca Basin of the Spanish 
Pyrenees 

The Eocene Elecho Group is well known among turbidite sedimentologists because many deep-marine depositional models have 
resulted from its study. However, its ichnological content remained poorly documented until very recently when a monographic work 
and an integrated ichnological-sedimentological study were performed. More confined channelized environments are recorded in 
the more proximal Ainsa sub-basin, while more distal and unconfined deposits are present in the Jaca sub-basin. Ninety five ichno- 
species and 49 ichnogenera have been recorded. In the Ainsa sub-basin there is an increase in ichnodiversity and intensity of biot urb- 
ation from channel to inter-channel deposits. Channel deposits are dominated by crustacean burrows, such as Ophiomorpha rudis, 
O. annulata, Ophiomorpha isp., and Thalassinoides suevicus. Scolicia prisca and Arenicolites isp. occur in some sandstone beds. 
The assemblage illustrates the Ophiomorpha rudis ichnosubfacies. Low ichnodiversity and sparse bioturbation are typical of 
channelized facies elsewhere. Interchannel deposits, both channel-margin and levee facies, contain a high diversity of trace fos- 
sils, including graphoglyptids, such as Megagrapton irregulare and Paleodictyon minimum, together with dwelling structures (e.g. 
Ophiomorpha rudis and Thalassinoides suevicus), feeding structures (e.g. Phycosiphon incertum) and grazing trails (e.g. Gordia 
arcuata and Gordia marina). This assemblage illustrates a mixed Ophiomorpha rudis and Paleodictyon ichnosubfacies. In the 
Jaca sub-basin, there is an increase in ichnodiversity and intensity of bioturbation from the channel-lobe transition to the lobe 
fringe. The channel-lobe transition is characterized by moderate ichnodiversity and sparse bioturbation. Deposits display a 
dominance of dwelling burrows (e.g. Ophiomorpha annulata, Thalassinoides .suevicus, and Palaeophycus tubularis), but grazing 
trace fossils {Nereites irregularis), feeding trace fossils (Halopoa imbricata), and graphoglyptids {Paleodictyon maximum) are 
present locally. In the depositional lobe (frontal splay), a wide variety of trace fossils is preserved, including feeding structures 
(e.g. Halopoa storeana, Halopoa imbricata, and Chondrites intricatus), dwelling structures {Ophiomorpha annulata, O. rudis, 
and Thalassinoides isp.), grazing trace fossils {Nereites irregularis, Scolicia prisca, and Scolicia strozzi), and graphoglyptids 
{Helminthorhaphe flexuosa, Spiroraphe involuta, Cosmorhaphe lobata, and Paleodictyon strozzi). Lobe-fringe deposits display the 
highest trace-fossil diversity and intensity of bioturbation, representing a typical Paleodictyon ichnosubfacies of the Nereites 
ichnofacies. Although feeding, dwelling, and grazing trace fossils are present, suites tend to be dominated by graphoglyptids, 
including Paleomeandron robustum, Desmograpton dertonensis, Helmithorhaphe flexuosa, Protopaleodictyon spinata, and various 
ichnospecies of Paleodictyon. A decrease in trace-fossil diversity and degree of bioturbation is detected from the lobe fringe to the 
basin plain. Basin-plain deposits are characterized by a sharp increase in the proportion of feeding structures (e.g. Phycosiphon 
incertum, Zoophycos isp.), a high proportion of graphoglyptids (e.g. Megagrapton submontanum and “Rotundusichnium” zumay- 
ense), and a decrease in dwelling structures (e.g. Ophiomorpha rudis). The overall high trace-fossil diversity is typical of deep- 
marine deposits of similar age, and has been attributed to moderate oligotrophy as a result of large-scale oceanographic and 
climatic changes. The Hecho Group illustrates the most diagnostic ichnological features of a fine-grained turbidite system. 

References: Uchman (2001); Heard and Pickering (2008). 



2007; Wetzel and Uchman, 1997; Kozur et al., 1996; Buatois 
et ah, 2001; Wetzel et ah, 2007; Rodriguez-Tovar et al., 2010a) 
(Box 9.2) (Fig. 9.4). In deep-marine environments, low-energy 
conditions and temporal stability promote the establishment of a 
wide variety of graphoglyptids and grazing trails, representing the 
Nereites ichnofacies. The overall abundance of graphoglyptids is 
indicative of reduced food supply and appropriate bottom energy 
conditions allowing their preservation. This is consistent with the 
site of emplacement of fine-grained turbidite systems, typically 
far away from the source area, and separated from the nearshore 
zone by a wide continental shelf Interestingly, although delta-fed 
turbidite systems represent a departure to this standard scenario, 
graphoglyptids are also present in these organic-rich turbidites 
and related deposits (Olivero et al., 2010). 

Graphoglyptid ichnofaunas, illustrating the Paleodictyon 
ichnosubfacies of the Nereites ichnofacies, occur in thin-bedded 
sandy turbidites, and are mostly present in the outer fan, more 
precisely in frontal splays (e.g. Crimes, 1977; Crimes et al., 1981; 
McCann, 1993; Uchman, 1995, 2001; Uchman and Demircan, 



1999; Wetzel and Uchman, 2001; Demircan and Toker, 2003; 
Uchman et al., 2004a; Lopez-Cabrera et al., 2008; Heard and 
Pickering, 2008; Rodriguez-Tovar et ah, 2010a). Together 
with a large number of graphoglyptids, such as Paleodictyon 
(Fig. 9.5a-b), Desmograpton (Fig. 9.5c), Protopaleodictyon, 
Megagrapton, Helicolithus (Fig. 9.5d), Spirorhaphe (Fig. 9.5e), 
Helminthorhaphe (Fig. 9.51), Lorenzinia (Fig. 9.5g-h), 
Cosmorhaphe, and Urohelminthoida, there are other basic mor- 
phological types. These include the circular burrow Circulichnis 
(Fig. 9.5i), sinuous trails, such as Helminthopsis, Nereites, 
and Scolicia (Fig. 9.5j), various feeding burrows, including 
Zoophycos, Lophoctenium, and Phycosiphon (Fig. 9.6a), and 
the chevronate trail Protovirgularia (Fig. 9.5k) 

In more proximal positions, graphoglyptid-dominated ichno- 
faunas also occur in levee and crevasse-splay deposits of the 
channel complex (e.g. McCann and Pickerill, 1988; McCann, 
1993; Uchman, 1995; Wetzel and Uchman, 1997; Buatois 
et al., 2001; Heard and Pickering, 2008; Olivero et al., 2010). 
In addition to a wide variety of graphoglyptids (Fig. 9.7a-g) 
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Submarine canyon 




Figure 9.4 Schematic reconstruction 
of trace-fossil distribution in fine- 
grained turbidite systems. The base of 
the incised canyon is characterized by 
a firmground suite that may contain 
Thalassinoides(Th) and RhizocoraUium 
(RIi) illustrating the Glossifungites 
ichnofacies-Submarine-channeldepos- 
its typically contain Ophioinorpha 
(Op). Thin-bedded sandy turbidites 
in levee, crevasse-splay, and frontal- 
splay areas contain Nereites (Ne), 
Scolicia (Sc), and Phycosiphon (Ph) 
as post-depositional elements, and a 
wide variety of pre-depositional com- 
ponents, such as Pakodictyon (Pa), 
Megagmpton (Me), Desmograpton 
(De), Lorenzinia (Lo), Cosmorhaphe 
(Co), Helicolithus (He), Spirorhaphe 
(Sp),andPro1opaleodic1yon{Pr).T>\&\.a\ 
muddy turbidites of the transitional 
zone between the frontal splay and the 
basin plain may contain Nereites (Ne), 
Scolicia (Sc), Phycosiphon (Ph), and 
Chondrites (Ch). Basin-plain deposits 
are characterized by an indistinct bio- 
turbated mottling. 



such as those mentioned for the frontal-splay deposits, levee 
and crevasse-splay deposits also contain abundant dwelling 
structures (e.g. Palaeophycus and Ophiomorpha), sinuous graz- 
ing trails, such as Gordia, Helminthopsis, Nereites, and Scolicia 
(Fig. 9.7h), the robust spiral trace Spirophycus (Fig. 9.7i), the 
branched system Chondrites (Fig. 9.7j), and various spreite 
feeding structures, including Zoophycos, Polykampton, and 
Phycosiphon (Fig. 9.6b). 

The Nereites ichnosubfacies tends to occur in more distal 
muddy turbidites, which are more typical of the distal overbank 
and the transition between the frontal splays and the basin plain. 
In these settings, various ichnospecies of Nereites, most com- 
monly N. irregularis (Fig. 9.8a-b), and Scolicia, together with 
Chondrites (Fig. 9.8c-d), Phycosiphon, Dictyodora (in Paleozoic 
rocks), Zoophycos, and Helicodromites (Fig. 9.8c) are dominant. 
Formation of graphoglyptids is commonly inhibited under oxy- 
gen-deficient conditions (Leszczynski, 1991a) or high frequency 
of turbidity currents (D’Alessandro et al., 1986). For example, 
Uchman (1991b, 1992) documented Cretaceous and Cenozoic 
turbidites emplaced in oxygen-depleted settings, having very few 
to almost no agrichnial structures. These ichnofaunas are also 
characterized by unusually low ichnodiversity and dominance of 
opportunistic post-turbidite trace fossils. In these distal settings, 
deposits showing characteristics intermediate between mud tur- 
bidites and pelagites are common. These deposits, referred to 
as hemiturbidites (Stow and Wetzel, 1990; Wetzel and Balson, 
1992), are intensely bioturbated and accumulate slowly from a 
dilute suspension cloud formed beyond and above a large low- 
concentration turbidity current. In these outer regions of deep- 
sea fans, sedimentation and bioturbation are in equilibrium and, 
as a result, hemiturbidite mudstones are completely burrowed. 



In the channels and in the most proximal areas of the sheet- 
sand depositional lobes, continuous erosion and high rates of 
sedimentation prevent development or preservation of graph- 
oglyptid ichnofaunas and, in fact, most channelized deposits are 
unburrowed. However, these high-energy settings locally may 
host ichnofaunas that contain elements typical of shallow water 
(e.g. Skolithos, Diplocraterion, and Ophiomorpha), representing 
a deep-marine example of the Skolithos ichnofacies (Crimes, 
1977; Crimes et al., 1981; McCann and Pickerill, 1988). Uchman 
(2001, 2007, 2009) noted that some of these thick-bedded sandy 
turbidites are dominated by horizontal components, typically 
crustacean galleries (Fig. 9.9a-d), rather than vertical burrows 
and ascribed this association to the Ophiomorpha rudis ichno- 
subfacies. Ophiomorpha rudis and O. annulata (Fig. 9.9a-c) are 
typical in these deposits. Channelized areas and inner zones of 
depositional lobes, characterized by sandy substrates, organic 
particles in the water column, and good oxygenation, allow the 
establishment of a benthic fauna that produce trace fossils that 
commonly typify nearshore areas. However, shallow-water ele- 
ments are not restricted to these high-energy regions of submar- 
ine fans, occurring in more distal, thin-bedded turbidites also 
(Uchman, 1991a; Uchman and Demircan, 1999). The crustacean 
producer of Ophiomorpha rudis may have been transported from 
shallower water by turbidity currents or may represent a resi- 
dent fauna adapted to deep-water environments (Uchman and 
Demircan, 1999). These crustaceans may have penetrated into 
the sandy substrate in search for nutrient-rich deeply buried plant 
detritus (Uchman et al., 2004a; Lopez-Cabrera et al., 2008). 

Therefore, sandy turbidites may contain two different suites, 
pre- and post-turbidite, recording different times of emplace- 
ment and contrasting environmental conditions (Seilacher, 1962; 
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Figure 9.5 Characteristic trace fossils of turbidites in distal areas of frontal splays and fringes of fine-grained turbidite systems, (a) Paleodictyon 
gomezi. Oligocene-Miocene, Campo de Gibraltar, southern Spain, (b) Paleodictyon minimum. Lower Eocene, Guarico Formation, Boca de Uchire, 
eastern Venezuela. Scale bar is 1 cm. See Macsotay (1967). (c) Desmograpton pamiricus. Upper Triassic, A1 Ayn Formation, Oman Mountains. Scale 
bar is 1 cm. See Wetzel et al. (2007). (d) Helicolithus sampelayoi. Eocene, Beloveza Beds, Lipnica Mala, Outer Carpathians, Poland. Scale bar is 1 
cm. (e) Spirorhaphe involuta. Lower Eocene, Guarico Formation, Boca de Uchire, eastern Venezuela. Lens cover is 5.5 cm. See Macsotay (1967). (f) 
Helminthorhaphe isp. Lower Eocene, Guarico Formation, Boca de Uchire, eastern Venezuela. Scale bar is 1 cm. See Macsotay (1967). (g) Lorenzinia 
apenninica. Upper Cretaceous-Paleocene, Ropianka Formation, Slopnice, Outer Carpathians, Poland. Scale bar is 1 cm. See Uchman (2008a). (h) 
Lorenzinia carpathica. Upper Cretaceous-Paleocene, Ropianka Formation, Slopnice, Outer Carpathians, Poland. Scale bar is 1 cm. See Uchman 
(2008a). (i) Circulichnis montanus. Upper Triassic, Al Ayn Formation, Oman Mountains. Scale bar is 1 cm. See Wetzel et at. (2007). (j) Scolicia isp. 
Eocene, Variegated Shale, Slopnice, Outer Carpathians, Poland. Scale bar is 5 cm. See Uchman (2008a). (k) Protovirgularia isp. Lower Eocene, Guarico 
Formation, Boca de Uchire, eastern Venezuela. Scale bar is 10 cm. See Macsotay (1967). 
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Figure 9.6 Core expression of Phycosiphon ichnofabrics in thin-bedded turbidites. (a) High density of Phycosiphon incertum at the top of a lobe-fringe 
turbidite sandstone and in the overlying hemipelagic mudstone. Note also associated firmground Thatassinoides. Lower Miocene, La Blanquilla Basin, 
offshore Venezuela. Core width is 7 cm. (b) Sideritized Phycosiphon isp. in overbank turbidite sandstone. Upper Miocene-Lower Pliocene, Carupano 
Basin, offshore Venezuela. Core width is 7 cm. 



Kern, 1980; Wetzel, 1991; Leszczynski, 1991b, 1992a; Uchman, 
1995; Tunis and Uchman, 1996a, b; Wetzel and Uchman, 1997) 
(Fig. 9.10). The pre-turbidite suite is dominated by graphoglyp- 
tids and grazing trails, and is preserved as positive hyporeliefs 
on the turbidite soles. This suite records the activity of a diverse 
shallow-tier infaunal community inhabiting pelagic mud. The 
post-turbidite suite consists of dwelling, feeding, and grazing 
traces, and is preserved for the most part on the upper surface of 
the event beds, but also at the base or within turbidites. This suite 
records opportunistic colonization of the newly emplaced sandy 
substrate. Accordingly, the base of sandy turbidites represents 
a palimpsest surface that contain two suites emplaced at differ- 
ent times (Fig. 9.11a-c). Kern (1980) outlined a set of criteria 
to differentiate between post- and pre-turbidite suites at the base 
of sandstone. Pre-turbidite trace fossils may show evidence of 
erosional modification (Fig. 9.1 Id) and internal lamination pre- 
served within the burrow systems. Post-turbidite trace fossils com- 
monly cross-cut the former suite and show pristine morphologies 
on surfaces with abundant flute marks. In addition, emplacement 
of post-turbidite trace fossils may lead to modifications at the 
sand/mud interface. This author also noted that post-turbidite 
trace fossils are rare at the base of sandstone thicker than 10 cm. 
However, Seilacher (1962) doeumented spectaeular speeimens of 
Ophiomorpha penetrating to the base of 4 m-thiek turbidites. 

A number of studies have foeused on the tiering structure 
of ichnofaunas from turbidites and related facies (e.g. Wetzel, 
1984, 1991; Leszezynski and Seilacher, 1991; Leszczynski, 
1991b, 1992a, b, 1993; Uchman, 1991c, 1995; Orr, 1994; 
Bak, 1995; Wetzel and Uchman, 1997, 1998). In the case of 
pre-turbidite suites, two main tiers occur: a very shallow tier 
eonsisting of graphoglyptids and a deeper tier consisting of 
actively filled feeding burrows (Leszczynski, 1991b) (Fig. 
9.10). Due to vertical accretion of pelagic and hemipelagic 
sediment on the sea floor, the deeper-tier fodinichnia migrates 



upward obliterating the very shallow-tier agrichnia (Werner 
and Wetzel, 1982; Wetzel, 1991). Therefore, under conditions 
of suspension fallout background sedimentation, graph- 
oglyptids are not preserved and the resultant ichnofabric is 
dominated by actively infilled burrows, sueh as Zoophycos, 
Scolicia, Lophoctenium, and Planolites. Graphoglyptid pres- 
ervation can only take plaee if deposition from a turbidity 
eurrent interrupts background sedimentation and associated 
bioturbation. Under these conditions, graphoglyptids are 
preserved as positive hyporelief on the bases of the sandy 
turbidites (Figs. 9.10). Although it has been traditionally 
assumed that turbidity currents erode the uppermost millim- 
eters of the muddy substrate and cast with sand the shallow- 
tier biogenic structures, it has been recently suggested that 
preservation results from a shock wave immediately prior to 
deposition (Seilacher, 2007a) (see Section 4.2.5). A micro- 
tiering structure is developed within the pre-turbidite suite 
dominated by graphoglyptids. Tiny Paleodictyon oceupy a 
shallower-tier position than slightly deeper Cosmorhaphe and 
Glockerichnus (Leszczynski and Seilacher, 1991) (Fig. 9.11c). 
Spirophycus tends to emplaced deeper into the sediment cross- 
eutting shallower trace fossils (Fig. 9. lie). The depth of ero- 
sion of the subsequent turbidity current controls which tier 
becomes preserved (Leszczynski, 1993). 

Post-turbidite colonization of the event sand starts after 
the depositional event is complete (Leszczynski, 1991b, 
1993). Some post-turbidite colonizers are adapted to spe- 
eific sandy substrates, and are typically unable to migrate 
upward during pelagic and hemipelagic vertical accre- 
tion of the sea floor. On the other hand, those infaunal 
organisms that are less substrate-specific (e.g. producers of 
Chondrites and Planolites) may move upward into the back- 
ground mud (Fig. 9.10). Penetration depth and intensity 
of bioturbation as a function of oxygen content, rate of 




Figure 9.7 Characteristic trace fossils of overbank turbidite deposits in fine-grained turbidite systems, (a) Helminthorhaphe isp and Glockerichnus isp. Paleocene, 
Gumigel Flysch, Zollhaus, Swiss Alps. Scale bar is 5 cm. See Crimes et a/. (1981). (b) Pakomeandron isp. Eocene, Ganei Slates, Ganei, Swiss Alps. Scale bar is 1 
cm. See Wetzel and Uchman (1997). (c) Desmograpton pamiricus. Lower to Middle Eocene, Tarcau Sandstone, Sirin Dam, Buzau Valley, Eastern Carpathians, 
Romania. Scale bar is 1 cm. See Buatois et al. (200 1 ). (d) Paleodictyon minimum. Lower to Middle Eocene, Tarcau Sandstone, Sirin Dam, Buzau Valley, Eastern 
Carpathians, Romania. Scale bar is 1 cm. See Buatois et a/. (2001). (e) Helminthorhaphe flexuosa. Lower to Middle Eocene, Tarcau Sandstone, Siriu Dam, Buzau 
Valley, Eastern Carpathians, Romania. Scale bar is 1 cm. See Buatois et a/. (2001). (f) Megagrapton submontanum. Lower to Middle Eocene, Tarcau Sandstone, 
Siriu Dam, Buzau Valley, Eastern Carpathians, Romania. Scale bar is 1 cm. See Buatois et at. (200 1 ). (g) Urohelminthoida dertonensis. Lower to Middle Eocene, 
Tarcau Sandstone, Gramaticu Valley, Buzau Valley, Eastern Carpathians, Romania. Scale bar is 1 cm. See Buatois et al. (2001). (h) Scolicia strozzi. Lower to 
Middle Eocene, Tarcau Sandstone, Siriu Dam, Buzau Valley, Eastern Carpathians, Romania. Pen is 15 cm. See Buatois et al. (2001). (i) Spirophycu.s involutis- 
simus. Lower to Middle Eocene, Tarcau Sandstone, Siriu Dam, Buzau Valley, Eastern Carpathians, Romania. Scale bar is 10 cm. See Buatois et al. (2001). (j) 
Phycosiphon incertum and Chondrites isp. Paleocene, Gurnigel Flysch, Zollhaus, Swiss Alps. Scale bar is 1 cm. See Crimes et a/. ( 1 98 1 ). 
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Figure 9.8 Characteristic trace fossils 
of distal muddy turbidites in fine- 
grained turbidite systems, (a) Nereites 
irregularis in distal marly turbidites. 
Paleocene, Glebieniec Member, 
Ropianka Formation, Glebieniec 
stream, Outer Carpathians, Poland. 
See Uchman and Cieszkowski (2008b). 
(b) Nereites irregularis in distal 
muddy turbidites. Upper Cretaceous, 
Helminthoid Flysch, Weissenburg 
Bad, Dranses Nappe, Swiss Alps. See 
Wetzel (2003). (c) Distal marly and 
silty turbidites with large and small 
Chondrites isp and Helicodromites 
isp. Eocene, Bystrica Formation, 
Zbludza, Outer Carpathians, Poland. 
See Uchman (2008b). (d) Chondrites 
isp. concentrated within “phantom 
burrows” and dispersed in the host 
rock. Upper Cretaceous, Florgazu 
Formation, Covasna Valley, Romania. 
All scale bars are 1 cm. 




Figure 9.9 Characteristic trace fos- 
sils of turbidite-channel deposits in 
fine-grained turbidite systems, (a) 
and (b) General views of the top of 
a channelized sandstone unit with 
Ophiomorpha annulata. (c) Close up 
of burrow networks of Ophiomorpha 
annulata. Scale bar is 5 cm. (a), (b), and 
(c) are from outcrops of the Lower to 
Middle Eocene, Tarcau Sandstone^ 
Siriu Dam, Buzau Valley, Eastern 
Carpathians, Romania. See Buatois 
et al. (2001). (d) Core expression of 
Ophiomorpha isp. in deep-marine high- 
energy sandstone turbidites. Lower 
Miocene, La Blanquilla Basin, offshore 
Venezuela. Core width is 7 cm. 
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Figure 9.10 Taphonomic pathways of turbidite trace fossils. The preserved ichnofauna is the end-result of a complex array of taphonomic factors. 
If only hemipelagic suspension fallout takes place, no graphoglyptids are preserved and the resultant product is a mottled ichnofabric that may or 
may not display discrete trace fossils. If erosion by the turbidity current is too intense, graphoglyptids are not preserved either. Emplacement of 
post-turbidite colonizers depends on the nature of the colonization window. Under high frequency of highly erosive turbidite events, bed amalgam- 
ation occurs and sandstone units are unburrowed. If the frequency of these highly erosive events is lower, limited colonization of the sandy substrate 
by the post-turbidite suite may occur, being Ophiomorpha (Op) a typical component. If only slight erosion occurs, graphoglyptids are preserved as 
positive hyporeliefs on turbidite sandstone beds. Preservation of the graphoglyptid micro tiering profile depends on the depth of erosion. Typical ele- 
ments of the pre-turbidite trace-fossil suite are Paleodictyon (Pa), Megagrapton (Me), Protopaleodictyon (Pr), Desmograpton (De), Lorenzinia (Lo), 
Cosmorhaphe (Co), Urohelminthoida (Ur), and Spirorhaphe (Sp). Under high rates of slightly erosive turbidite events, the colonization window for 
post-event burrowers remains close and graphoglyptids are not overprinted by the post-turbidite trace-fossil suite. In the case of short-term col- 
onization windows, the post-turbidite trace-fossil suite may occur, but restricted to sand-specific colonizers, typically forming Ophiomorpha (Op), 
overprinting the pre-turbidite trace-fossil suite. In the case of long-term colonization windows, pelagic and hemipelagic vertical accretion of the sea 
floor takes place and even more complex ichnofabrics develop as a result of sequential colonization. In addition to Ophiomorpha (Op), Planolites 
(PI), Scolicia (Sc), and Phycosiphon (Ph) may occur. While post-turbidite sandy-specific colonizers cannot migrate upward during pelagic and 
hemipelagic sedimentation, less substrate-specific colonizers may move upward into the background mud. 



background sedimentation, and the time to next turbidite 
event are the most important limiting factors (Leszczyhski, 
1993). Crustacean burrows (e.g. Ophiomorpha) are by far the 
deepest structures, commonly penetrating through several 
turbidite layers (multilayer colonizers of Uchman, 1995). 
In the case of muddy turbidites, observations from modern 
and ancient environments suggest sequential colonization 



and upward migration in response to geochemical condi- 
tions, particularly the re-adjustment and re-establishment 
of the redox boundary (Wetzel and Uchman, 2001) (Box 
9.3). Passive-margin fine-grained turbidite systems tend to 
be affected by bottom currents (Faugeres and Stow, 2008). 
The ichnologic signatures of contourites (i.e. bottom-current 
deposits) have been recently explored by Wetzel et al. (2008). 
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Figure 9.11 Taphonomy of thin- 
bedded turbidites. (a) Base of a 
sandstone showing juxtaposition of 
pre- and post-turbidite suites form- 
ing a palimpsest surface. Hexagonal 
networks (Paleodictyon minimum) 
(Pa) and meandering trace fossils 
(Cosmorhaphe sinuosa) (Co) belong 
to the pre-turbidite suite, while 
superimposed crustacean galler- 
ies (Ophiomorpha annulata) (Op) 
are part of the post-turbidite suite. 
Lower to Middle Eocene, Tarcau 
Sandstone, Siriu Dam, Buzau Valley, 
Eastern Carpathians, Romania. See 
Buatois et al. (2001). (b) Paleodictyon 
mioceniciim networks (Pa) partially 
modified by erosion. Minimum ero- 
sion in some areas allowed preser- 
vation of network vertical outlets. 
The radial trace fossil Glockerichnus 
isp. (Gl) occupies a deeper tier, 
illustrating microtiering in the pre- 
turbidite community. Lower to 
Middle Eocene, Tarcau Sandstone, 
Siriu Dam, Buzau Valley, Eastern 
Carpathians, Romania. See Buatois 
et al. (2001). (c) Hexagonal networks 
(Paleodictyon maximum) of the pre- 
turbidite suite cross-cut by crustacean 
galleries (Ophiomorpha annulata) 
of the post-turbidite suite. Lower to 
Middle Eocene, Tarcau Sandstone, 
Gramaticu Valley, Buzau Valley, 
Eastern Carpathians, Romania. See 
Buatois et al. (2001). (d) Paleodictyon 
cf nodo.sum showing eroded out- 
lines of vertical components. Lower 
to Middle Miocene, Shahr Bum 
Unit, Taherui, Makran Range, 
Southeastern Iran. See Crimes and 
McCall (1995). (e) Spirophycus 

hicornis cross-cutting Lorenzinia pus- 
tulosa. Eocene, Ganei Slates, Ganei, 
Swiss Alps. See Wetzel and Uchman 
(1997). All scale bars are 1 cm. 



These authors contrasted the role of strong and weak bottom 
currents. They noted that strong currents may result in intense 
and deep erosion, formation of non-deposition horizons and/ 
or deposition of sand-dominated contourites. Deep erosion 
and long-term non-deposition is commonly conducive to the 
development of the Glossifungites ichnofacies in compacted 
sediment. Sandy contourites tend to be intensely bioturbated, 
displaying a combination of trace fossils produced by shal- 
low-tier ploughers and deep-tier structures, such as Skolithos, 
Scolicia and Planolites, as well as deeply emplaced crustacean 
domiciles (e.g. Thalassinoides, Gyrolithes). 

Weak bottom currents commonly deposit fine-grained par- 
ticles and abundant organic matter, resulting in the forma- 
tion of mud-dominated contourites. Because these sediments 



commonly have anoxic pore waters at very shallow depths, ich- 
nodiversity tend to be low and trace fossils are typically small. 
Chondrites is commonly dominant, and Nereites may form 
along the redox boundary. Low sedimentation rates may be 
conducive to intense bioturbation, particularly if bottom cur- 
rents supply additional food. In these cases, distinction from 
silty/muddy turbidites and hemipelagites may be complicated. 

9.2.2 COARSE-GRAINED TURBIDITE SYSTEMS 

Coarse-grained turbidite systems are characterized by (1) 
very high sandstone/shale ratio, including the interchan- 
nel areas; (2) medium- and coarse-grained sands with little 
or no clay minerals; and (3) gradual progradation into the 
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Box 9.3 Colonization of Eocene muddy turbidites in the Polish Carpathians 

Detailed ichnofabric analysis in muddy turbidites of the Eocene Beloveza Formation of the Polish Carpathians allows the 
reconstruction of the colonization of event beds in the deep sea. Evaluation of cross-cutting relationships demonstrates 
that colonization was sequential and most likely controlled by changes in geochemical conditions, particularly re-adjust- 
ment and re-establishment of the redox boundary. The makers of Phycosiphon and Halopoa were the first to exploit the 
newly emplaced substrate. The former is suited to colonize well-oxygenated muds, while the later displayed a preference 
for sandy substrates. After re-establishment of the redox boundary, Nereites was emplaced probably exploiting microbial 
organic matter right above the redox discontinuity. Next in the sequence was Chondrites, which was able to penetrate below 
the redox boundary, even reaching below the previously emplaced turbidite layer. Ophiomorpha and Scolicia represent the 
deepest tier and most likely record permanent bioturbation that was unaffected by the deposition of new turbidites. Both 
reflect adaptations to burrowing though sand and mud, and to coping with oxygen-restricted conditions. This model is 
consistent with observations from the modern deep-sea floor that suggest that newly emplaced turbidites contain abundant 
organic matter and are fully oxygenated. However, because oxygen consumption exceeds oxygen production, the lower 
part of the turbidite and the buried hemipelagic layer become rapidly depleted in oxygen. 

Reference: Wetzel and Uchman (2001). 



basin (Bouma, 2000a, b, 2004). Because of the scarcity of 
very fine-grained sediment, coarse-grained turbidite systems 
are poorly efficient (Mutti, 1979). These systems are more 
typical of active margins, and tend to occur in basins with 
narrow shelves and coastal plains. Submarine channels form 
at the base of the slope and are typically of a low sinuosity, 
braided-type. Because of their poor efficiency, lobe deposits 
are formed relatively close to the base of slope (Fig. 9.12). 

As in the case of fine-grained turbidite systems, high-energy 
channelized areas and the most proximal zones of sheet-sand 
depositional lobes are typically unbioturbated or may contain 
trace fossils that are usually common in shallow water, illus- 
trating the Skolithos ichnofacies in a deep-marine context (e.g. 
Kern and Warme, 1974; Buatois and Lopez Angriman, 1992b). 
However, and in contrast to fine-grained turbidite systems, the 
Nereites ichnofacies (in particular, the Paleodictyon ichnosub- 
facies) is rare to absent in coarse-grained deep-marine sys- 
tems. The absence or scarcity of graphoglyptids is not a direct 
result of grain size because off-channel and lobe thin-bedded 
turbidites of the same grain size occur in both fine-grained 
and coarse-grained turbidite systems. Rather, the ichnofauna 
of thin-bedded turbidites in coarse-grained turbidite systems 
tends to be dominated by feeding traces of deposit feeders, 
such as Phycosiphon, Chondrites, Planolites, and Zoophycos, 
suggesting affinities with the Zoophycos ichnofacies (Buatois 
and Lopez Angriman, 1992b) (Fig. 9.12) (Box 9.4). The 
replacement of the Nereites ichnofacies by the Zoophycos 
ichnofacies is most likely due to the associated narrow shelf 
and the close proximity of frontal splays to the base of the 
slope. This may have promoted a high frequency of sediment 
gravity flows supplying significant amounts of organic matter 
to the system, precluding the need for the sophisticated farm- 
ing strategies that characterize agrichnial structures (Buatois 
and Lopez Angriman, 1992b). In some cases, it is even possible 
that the post-turbidite suite displays higher diversity than the 
pre-turbidite suite (e.g. W. Miller, 1991b). These post-turbidite 



trace fossils may have exploited abundant plant detritus accu- 
mulated within the event-flow sand. 



9.3 HYPERPYCNAL SYSTEMS 



In recent years, a number of studies have underscored 
the importance of sustained turbidity currents or hyper- 
pycnal flows as opposed to more classic episodic turbid- 
ity currents (Mulder and Syvitski, 1995; Mutti et al., 1996; 
Plink-Bjorklund and Steel, 2004; Zavala et al., 2011). Even 
more recently, ichnological studies started to focus on the 
trace-fossil signatures of both modern and ancient deep-ma- 
rine hyperpycnites (Ponce et al., 2007; Wetzel, 2008; Olivero 
et al., 2010; Carmona and Ponce, 2011). Studies from modern 
deep-sea bottoms indicated that hyperpycnal-flow deposits 
provide a more appropriate substrate for rapid colonization, 
particularly in comparison with volcanic ash (Wetzel, 2008). 
Hyperpycnal flows typically transport larvae, juvenile, and 
adult organisms, together with benthic food to the deep sea, 
resulting in deposits commonly containing abundant organic 
matter. Analysis of Upper Eocene-Lower Oligocene hyper- 
pycnal-flow deposits of Tierra del Fuego, southern Argentina, 
indicates that bioturbation typically occurs in connection 
with pause horizons (Ponce et al., 2007). This ichnofauna is 
dominated by Phymatoderma (Fig. 9,14a-b) with Chondrites 
(Fig. 9.14c), Zoophycos {¥\g. 9.14b), Tasselia (Fig. 9.14d), and 
Paradictyodora (Fig. 9.14b) also being common. The bioturb- 
ated deposits correspond to mudstone accumulated during 
the backstepping stage of the flow, overlying forestepping- 
stage unbioturbated sandy-channel and lobe deposits. 

Proximal-distal trends in trace-fossil distribution with respect 
to both the paleoshoreline and the axis of the channel in a deep- 
marine system dominated by hyperpycnal flows have been eval- 
uated in Miocene deposits of the same region (Carmona and 
Ponce, 2011). Hyperpycnal-channel and inner-levee deposits 
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Figure 9.12 Schematic reconstruc- 
tion of trace-fossil distribution in 
coarse-grained turbidite systems. As 
in the case of fine-grained turbidite 
systems, the base of the incised can- 
yon is characterized by a firmground 
suite that may contain Thalassinoides 
(Th) and Rhizocoratlium (Rli) illus- 
trating the Glossifungites ichno- 
facies. Submarine-channel and 
terrace deposits typically contain 
Ophiomorpha (Op), Skolithos (Sk), 
and Arenicotites (Ar). Frontal-splay 
deposits may exhibit Palaeophycus 
(Pa), Ophiomorpha (Op), and 
Thalassinoides (Th). Frontal-splay 
fringe deposits may contain Nereites 
(Ne), Zoophycos (Zo), and Chondrites 
(Ch). Basin-plain deposits are char- 
acterized by an indistinct bioturb- 
ated mottling. 



Box 9.4 Ichnology of a Cretaceous coarse-grained turbidite system of Antarctica 

The Cretaceous Whisky Bay Formation of the James Ross Island, Antarctica, represents part of the infill of a back-arc basin. 
Deposition occurs in a submarine braided-channel complex comprising a wide variety of subenvironments, including main 
and secondary braided channels, adjacent marginal terraces and sandy plains, and muddy and sandy interchannel areas. The 
main braided channel deposits are unburrowed, but two main ichnocoenoses have been recognized in the other subenviron- 
ments. The first ichnoeoenose occurs in conglomerate and pebbly sandstone which accumulated in minor braided ehannels, 
marginal terraces, and sandy plains. It consists of Arenicolites, Diplocraterion (Fig. 9.13a), Skolithos, Thalassinoides (Fig. 
9.13b), Palaeophycus, and Planolites. It is essentially dominated by dwelling trace fossils of suspension feeders, illustrating the 
Skolithos ichnofacies. The second ichnoeoenose is present in sandstone and mudstone of the interchannel areas. It consists 
of Zoophycos, Chondrites, and Cylindrichnus. It is dominated by feeding traces of deposit feeders, representing the Zoophycos 
iehnofacies. The absence of graphoglyptids is attributed to a high frequency of sediment gravity flows that introduced abun- 
dant organic material, inhibiting the establishment of complex farming strategies. The Whisky Bay Formation provides a good 
example of the most relevant ichnological features of a coarse-grained turbidite system. 

Reference: Buatois and Lopez Angriman (1992b). 



tend to contain dwelling trace fossils of suspension feeders, 
such as Diplocraterion. Outer-levee deposits tend to be domi- 
nated by opportunistic grazing and locomotion structures (e.g. 
Protovirgularia, Gordia, and Scolicia) and concentrically lam- 
inated burrows. In the middle positions of the system, at the 
base of the depositional slope, bivalve escape structures occur 
in sandstone bodies. High sedimentation rates and fluctuating 
salinity, together with energy fluctuations and high food sup- 
ply, may have been the most important limiting factors. The 
importance of salinity fluctuations is also supported by the 
presence of synaeresis craeks in levee deposits (Carmona and 
Ponce, 2011; Ponce and Carmona, 2011). A higher intensity of 



bioturbation was recorded in distal hyperpycnal-lobe deposits, 
but ichnodiversity is low to moderate. The distal assemblage is 
dominated by deposit-feeder structures, such as Scolicia and 
Nereites. Salinity fluctuations were apparently less intense than 
in the more proximal positions (Carmona and Ponce, 2011). 
Graphoglyptids are virtually absent in these hyperpycnal-flow 
deposits. 

Also in Tierra del Fuego, Olivero et al. (2010) analyzed the 
ichnology of an Eocene channel-levee complex containing both 
hyperpycnal-flow and turbidity-current deposits. Channel-fill 
to proximal-levee thick-bedded sandstone is dominated by 
Ophiomorpha rudis. Proximal to distal-levee thinner-bedded 
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Figure 9.13 Trace fossils from coarse- 
grained turbidite system deposits in 
the Lower Cretaceous Whisky Bay 
formation of James Ross Island, 
Antarctica, (a) Diplocraterion isp. 
penetrating into an abandoned- 
channel pebble conglomerate from 
a mudstone layer mantling the 
coarse-grained deposit. Scale bar is 
1 cm. (b) Thalassinoides suevicus in 
marginal-terrace pebbly sandstone. 
Lens cover is 5.5 cm. See Buatois 
and Lopez Angriman (1992b). 




Figure 9.14 Trace fossils from deep- 
marine hyperpycnal deposits in the 
Upper Eocene to Lower Oligocene 
Punta Gruesa Beds, Tierra del 
Fuego, southern Patagonia, 
Argentina, (a) Phymatoderma gran- 
ulata. (b) Phymatoderma granulata 
(PK), Zoophycos isp. with pelletoi- 
dal infill (Zo), and Paradictyodora 
antarctica (Pa), (c) Chondrites isp. 
(d) Tasselia isp. Note overlying ero- 
sive surface. All bars are 1 cm. See 
Ponce et al. (2007). 
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Box 9.5 Biogenic structures in modern deep-sea floors off New Caledonia, southwestern Pacific 

Bottom photographs taken in modern deep-sea floors off New Caledonia from water depths of 800 to more than 3000 m docu- 
mented the presence of a wide variety and complexity of biogenic structures. Most biogenic structures occur over a rather large 
depth range. Simple holes and mounds are ubiquitous, being abundant along the whole bathymetric range analyzed. However, 
two main associations were recognized. The deep-slope association is dominated by composite craters having actinarian and 
enteropneust traces, and horseshoe-shaped traces of an unknown maker. The basin-plain association is dominated by incipi- 
ent Asteriacites and linear grooves. In addition, although other traces show wider bathymetric ranges, they tend to be more 
abundant at certain water depth ranges. For example incipient Lorenzinia is common at 2100-2300 m deep and Scolicia at 
1600-2200 m. Incipient Paleodictyon is apparently present only at water depths below 1700 m and incipient Uwhelminthoida 
seems to occur between 1700-2150 m. Overall, holothurians and echinoderms are the most important tracemakers. This study 
reinforces the idea that deep-tier bioturbation and erosion are detrimental to the preservation of graphoglyptids, underscoring 
the role of slightly erosive turbidity currents in the preservation of agrichnial structures. 

Reference: Gaillard (1991). 



turbidites and hyperpycnites contain various ichnotaxa, such 
as Nereites, Phycosiphon, Tasselia, Diplocraterion, and sev- 
eral graphoglyptids, including Cosmorhaphe, Desmograpton, 
Glockerichnus, Paleodictyon, and Helicolithus, among other 
ichnogenera. Some of these deposits display a high content of 
plant debris. The presence of graphoglyptids in organic-rich 
deposits that accumulated in an overall high-energy setting is 
apparently rather unusual, but, in fact, underscores the role of 
taphonomic controls and times of oligotrophy in graphoglyptid 
distribution (see Section 9.2.1). 

9.4 BASIN PLAINS 



The basin plain corresponds to flat and deep areas of the sea 
bottom (Stow et ai, 1996). Here, we specifically address those 
areas of the basin plain that are removed from turbidity- 
current or bottom-current supply, and that are dominated by 
hemipelagic and pelagic sedimentation. Evaluating the role of 



the fossilization barrier is essential in characterizing the ich- 
nology of basin-plain environments. Complex grazing trails 
and graphoglyptids have been observed and photographed 
on modern basin plains during exploration of the deep sea 
(Ewing and Davis, 1967; Heezen and Hollister, 1971; Hollister 
et al., 1975; Kitchell et al., 1978a, b; Ekdale and Berger, 
1978; Kitchell, 1979; Ekdale, 1980; Gaillard, 1991) (Box 9.5). 
However, the fossilization potential of these structures is vir- 
tually zero because the absence of sand emplaced by turbidity 
currents precludes their preservation along lithological inter- 
faces. Continuous vertical accretion of the deep-sea floor is 
conducive to intense reworking of the sediment and destruc- 
tion of shallow-tier representatives of the Nereites ichnofacies 
by deep-infaunal bioturbators (Ekdale and Berger, 1978; 
Wetzel, 1983, 1984). Pelagic deposits contain deep-tier dwell- 
ing and feeding structures, such as Zoophycos, Thalassinoides, 
Teichichnus, and Planolites. In the distal-most settings, the 
extremely low sedimentation rates allows complete homogeni- 



zation of the substrate, and only a mottled texture attributed 
to Planolites is observed (Bromley, 1990, 1996). 




10 Ichnology of continental environments 



The prevalent notion that trace fossils are comparatively rare in nonmarine facies is more a reflection of insufficient reconnaissance 
than of a true dearth of specimens. 

Robert Frey and George Pemberton 
“The Psilonichnus ichnocoenose, and its relationship to adjacent marine and 
nonmarine ichnocoenoses along the Georgia coast” (1987) 

Vemos las cosas segun como las interpretamos. Lo llamamos prevision: saber de antemano, estar prevenidos. Usted en el campo sigue el ras- 
tro de un temero, ve huellas en la tierra seca, sabe que el animal esta cansado porque las marcas son livianas y se orienta porque los pajaros 
bajan a picotear en el rastro. No puede buscar huellas al voleo, el rastreador debe primero saber lo que persigue: hombre, perro, puma. Y 
despues ver. Lo mismo yo. Hay que tener una base y luego hay que inferir y deducir. Entonces - concluyo - uno ve lo que sabe y no puede 
ver si no sabe. . .Descubrir es ver de otro modo lo que nadie ha percibido. Ese es el asunto.. - Es raro, penso Renzi, pero tiene razon -. 

Ricardo Piglia 
Blanco Nocturno (2010) 



Historically invertebrate ichnology has focused on marine ichno- 
faunas. However, studies have gradually moved into freshwater 
and, more recently, terrestrial environments. As a result, con- 
tinental ichnology has experienced a remarkable development 
during the last 15 years, and our perspective on this topic has 
changed dramatically. Earlier case studies started to show that 
continental invertebrate ichnofaunas were more varied and abun- 
dant than originally envisaged (e.g. Bromley and Asgaard, 1979; 
Bown, 1982; Pollard et al., 1982; Frey et al., 1984b; Walker, 1985; 
Ekdale and Picard, 1985; D’Alessandro et al., 1987; Gierlowski- 
Kordesch, 1991; Pickerill, 1992). It rapidly became clear that 
continental environments were as numerous and diverse as mar- 
ine settings, and that such variability was indeed reflected in the 
ichnological record (Frey and Pemberton, 1987). Subsequent 
work focused on the expansion of the continental dataset, but 
more significantly in the proposal of archetypal ichnofacies in 
addition to the Scoyenia ichnofacies (Smith et ah, 1993; Buatois 
and Mangano, 1995b, 2004a, 2007; Bromley, 1996; Genise et al., 
2000, 2004b, 2010a). Also, the potential and limitations of the 
ichnofabric approach to the study of freshwater and terrestrial 
ichnofaunas have been addressed in a number of studies (e.g. 
Buatois and Mangano, 1998, 2007; Genise et ah, 2004a; Buatois 
et al., 2007a). More recently, proposals have been made to 
define continental ichnofacies based on vertebrate trace fossils 
(Lockley et al., 1994; Hunt and Lucas, 2006a, 2007). There has 
also been a recent revival of continental neoichnology (e.g. Scott 
et al., 2007b; Smith and Hasiotis, 2008; Hembree, 2009; Genise 
et ah, 2009). The fields of invertebrate and vertebrate ichnology 
have evolved independently, and research involves two separate 
scientific communities to a great extent (Lockley, 2007). This is 
certainly not a significant problem in marine ichnology, but it 
has had a negative impact on continental ichnology. The need 
to integrate vertebrate and invertebrate datasets has long been 
recognized (e.g. Buatois and Mangano, 1995b, 1996), but little 



progress has been attained. However, a series of recent papers 
seem to show that a better articulation between invertebrate 
and vertebrate ichnology is possible (e.g. Melchor et al., 2006; 
Lockley, 2007; Hunt and Lucas, 2007; Minter et al., 2007b; Scott 
et al., 2007b; Krapovickas et al, 2009). Integration of both data- 
sets will be essential to produce more robust depositional models 
of continental environments. 

While most, if not all, of the ichnotaxa from the various ter- 
restrial ichnofacies are produced by insects, and are restricted 
to continental environments (e.g. Coprinisphaera, Termitichnus, 
Celliforma, Eatonichnus), this is not entirely the case with the 
ichnogenera commonly recorded from the freshwater Mermia 
and Scoyenia ichnofacies (Buatois and Mangano, 2007). With 
the exception of Scoyenia, Mermia, Camborygma, and some 
arthropod trackways (e.g. Stiaria, Stiallia, Hexapodichnus), 
the other components of these ichnofacies are facies-cross- 
ing ichnotaxa known from both the continental and mar- 
ine realm (e.g. Taenidium, Palaeophycus, Planolites, Gordia, 
Plelminthopsis, Plelminthoidichnites, Cochlichnus, Treptichnus). 
Meniscate trace fossils informally referred to by some authors 
as “adhesive meniscate burrows” (e.g. Hasiotis, 2004) were 
subsequently included in a new ichnogenus, Naktodemasis, 
based on meniscate packaging (Smith et al, 2008a). Although 
this ichnotaxon seems to be exclusive of continental environ- 
ments, it clearly falls within the diagnosis of Taenidium and it 
is better regarded as a separate ichnospecies, T. bowni, rather 
than a new ichnogenus (Krapovickas et al, 2009). The eolian 
Octopodichnus-Entradichnus ichnofacies contain some forms 
exclusive to continental environments (e.g. Octopodichnus, 
Paleohelcura) associated with other facies-crossing ichnotaxa 
(e.g. Palaeophycus, Planolites) (Hunt and Lucas, 2007; Ekdale 
et al, 2007). Entradichnus has also only been recorded in con- 
tinental environments, but its distinction from Taenidium is 
still unclear (Keighley and Pickerill, 1994; Ekdale et al, 2007). 
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While subaerial ichnofaunas are overwhelmingly dominated by 
terrestrial insects and, to a lesser extent, arachnids, freshwater 
ichnofaunas mostly reveal behavioral convergence of many dif- 
ferent groups, including aquatic insects, but also crustaceans 
and mollusks, to name a few. As a result, freshwater ichnofau- 
nas more closely resemble marine associations than their terres- 
trial counterparts. Undoubtedly, it is the whole assemblage that 
should be analyzed in order to distinguish between marine and 
freshwater ichnofaunas. 

Conversely, there is a large number of ichnotaxa that are 
exclusive of marine settings. These include all the typical ele- 
ments of the Nereites and Zoophycos ichnofacies, and most of 
the ichnotaxa of the Cruziana ichnofacies (e.g. Asterosoma, 
Rosselia, Dactyloidites, Arthrophycus, Asteriacites, Curvolithus, 
Psammichnites, Teichichnus). These trace fossils reflect specific 
behavioral patterns that are exclusive of marine organisms. 
Some typical marine ichnogenera (e.g. Paleodictyon, Nereites, 
Scolicia, Chondrites) have occasionally been mentioned in con- 
tinental deposits (e.g. Smith et al., 1982; Archer and Maples, 
1984; Pickerill, 1990; Hu et al, 1998; Hasiotis, 2002, 2004; Kim 
et al., 2005), but they have been misidentified. Re-examination 
invariably indicates that the forms reported in freshwater set- 
tings are much simpler than the marine ichnotaxa, and that 
they do not display the diagnostic features of those ichnogenera 
(Buatois and Mangano, 2007). In this chapter, we review the ich- 
nology of different continental environments, from alluvial fans 
and fluvial systems to lakes and deserts, as well as paleosols. 

10.1 ALLUVIAL FANS 



Alluvial fans occur where a channel emerges from a mountain- 
ous upland to an adjoining valley depositing coarse-grained 
material at a marked break in the slope, forming a sedimentary 
body with a form that resembles the segment of a cone radiat- 
ing downslope (Bull, 1977; Blair and McPherson, 1994; Harvey 
et al., 2005). Alluvial fans typically contain coarse-grained sedi- 
ment, particularly at their mouths, but display a decrease in grain 
size towards their edges. Ichnological studies of alluvial-fan 
successions are virtually non-existent. Rapid rates of sedimen- 
tation, high energy and coarse-grained sediments, commonly of 
gravel-size, make alluvial-fan environments extremely harsh for 
animal life. As a result, colonization by invertebrate and verte- 
brate burrowers is unusual, and typically associated with pauses 
in sedimentation. In addition, the preservation potential of 
almost any structure produced in alluvial-fan sediments is low 
because of the strongly erosive nature of depositional events, 
particularly in the most proximal zones of the systems. 

The few studies documenting alluvial-fan ichnofaunas in 
the fossil record deal with biogenic structures produced in the 
most distal zones of these systems, particularly in the areas that 
are transitional with braided-river systems, where both inver- 
tebrate (e.g. MacNaughton and Pickerill, 1995; Neef, 2004a; 
Krapovickas et al, 2008), and vertebrate (e.g. Garcia-Ramos 
and Valenzuela, 1979; Carvalho et al., 1995; Carvalho, 1996) 



trace fossils are preserved in sandstone beds. Invertebrate trace 
fossils in distal alluvial-fan deposits are remarkably simple, and 
consist of a few facies-crossing ichnotaxa, such as Palaeophycus 
and Skolithos, which commonly reflect progressive consolida- 
tion of the substrate due to desiccation (Krapovickas et al., 
2008). Slightly more diverse ichnofaunas, dominated by arthro- 
pod locomotion trace fossils, such as Cruziana, Diplichnites, 
Diplopodichnus, Merostomichnites, and Palmichnium, occur in 
ponded areas where fine-grained sedimentation may be locally 
important (Neef, 2004a). Vertebrate ichnofaunas recorded in 
alluvial-fan deposits are scarce, and mostly consist of poorly pre- 
served dinosaur trackways in Mesozoic strata (e.g. Garcia-Ramos 
and Valenzuela, 1979; Carvalho et al., 1995; Carvalho, 1996). In 
addition, the ichnogenus Ichniotherium, probably produced by 
reptilomorph amphibians (Voight et al., 2007), is common in 
Permian distal alluvial-fan deposits (Hunt and Lucas, 2006a). 

In terms of archetypal ichnofacies, alluvial-fan systems dis- 
play a transition from the Skolithos to the Scoyenia ichnofacies. 
The Skolithos ichnofacies tends to occur at the top of channel 
sandstones, reflecting rapid colonization during short breaks in 
sedimentation. The Scoyenia ichnofacies is extremely impover- 
ished, commonly containing one or two ichnotaxa, but a diver- 
sity increase may occur in associated ponds. With respect to 
vertebrates, the so-called Ichniotherium sub-ichnocoenosis of 
the Batrachichnus ichnofacies typically occurs in alluvial-fan 
settings from the Devonian to the Middle Triassic (Hunt and 
Lucas, 2006a, 2007). 

10.2 RIVERS 



Fluvial systems include a wide range of lithofacies and archi- 
tectural elements, representing a complex mosaic of subenvi- 
ronments, such as channels of variable sinuosity, containing 
different types of bars, and overbank settings displaying levees, 
crevasse splays, and floodplains (Miall, 1996). Modern rivers are 
inhabited by a wide variety of vertebrates (e.g. fish, amphibians, 
and reptiles) and invertebrates, including aquatic to semiaquatic 
insects (e.g. ephemeropterans, trichopterans, dipterans, cole- 
opterans, hemipterans); several groups of crustaceans, such as 
ostracodes, branchiopods (e.g. conchostracans), and malacostra- 
cans (e.g. amphipods, decapods), as well as oligochaete annelids, 
nematodes, nematomorphs, and mollusks (Chamberlain, 1975; 
Ratcliffe and Fagerstrom, 1980; Hasiotis and Bown, 1992; Giller 
and Malmqvist, 1998; Cushing and Allan, 2001). Many of these 
organisms are able to produce a relatively wide variety of biogenic 
structures. However, trace fossils are not abundant in fluvial suc- 
cessions. In a classic study, Ratcliffe and Fagerstrom (1980) dem- 
onstrated that modern floodplains are very rich in invertebrate 
structures, although relatively few of the forms documented by 
these authors have been reported from the fossil record. This fact 
suggests that the problem of scarcity of trace fossils in continen- 
tal successions is, at least in part, one of preservation potential. 

Although it is sometimes assumed that fluvial ichnofau- 
nas have not been frequently reported from the fossil record. 
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Figure 10.1 Schematic reconstruction 
of trace-fossil distribution in braided 
river systems. Composition of verte- 
brate ichnofaunas is highly variable 
according to geological age. Active- 
channel deposits contain Skolithos 
(Sk). Abandoned-channel deposits 
may display the meniscate trace fos- 
sils Taenidium (To) and Beaconites 
(Be), as well as vertebrate trace fossils 
such as the bird trackway Fuscinapeda 
(Fu). Sandbar deposits may exhibit 
Skolithos (Sk), Taenidium (Ta), 
Flelminthopsis (He), and Diplichnites 
(Dp). Floodplain deposits typically 
host Scoyenia (Sc), Beaconites (Be), 
Cochlichnus (Co), Diplichnites (Dp), 
Cruziana (Cr), and Rusophycus (Ru). 
Vertebrate trackways and excava- 
tions (Ex) are typically abundant 
and diverse in floodplain deposits. 
Examples include the theropod 
ichnogenera Grallator (Gr) and the 
shorebird ichnotaxa Ignotornis (Ig) in 
the Mesozoic. Various types of heter- 
opod trackways (Ht) are common in 
the Cenozoic. Vertebrate and inverte- 
brate trace fossils not to scale. 



recent compilations have shown that several examples have 
been documented (Buatois and Mangano, 2007; Min ter et al., 
2007b). Abundance and diversity of trace fossils in fluvial 
successions are highly variable from one subenvironment to 
the other. Thick successions of fluvial deposits are commonly 
unburrowed or display trace fossils only in discrete beds. 
Suites are typically monospecific or contain few ichnotaxa. 
In contrast, the density of biogenic structures may be quite 
high locally. Ichnofossil distribution in fluvial environments 
largely depends on the variability in stream discharge and the 
amount of time between depositional episodes (D’Alessandro 
et al., 1987). Recent work indicates that ichnofossils have 
been recorded more commonly in meandering rather than in 
braided deposits (Buatois and Mangano, 2007). Only a few 
examples are known in anastomosing and ephemeral deposits, 
but this sparse record probably reflects lack of studies rather 
than true absence. Overall, more favorable preservational con- 
ditions occur in abandoned channels and associated floodplain 
settings, instead of active channels (Figs. 10.1 and 10.2). The 
Scoyenia ichnofacies occurs in deposits of any fluvial style, but 
the Mermia ichnofacies is more common in floodplain depos- 
its of meandering systems (Buatois and Mangano, 2007). The 
Skolithos ichnofacies seems to be more common in channel 
sandstones of braided rivers (e.g. Fitzgerald and Barrett, 1986; 
Zawiskie et ah, 1983), but has also been recorded in ephemeral 
systems (Sarkar and Chaudhuri, 1992). Buatois and Mangano 
(2004a) distinguished between ichnofaunas from channel and 
overbank deposits, a classification framework that is followed 
here. The ichnology of the subaerial portion of the alluvial 



plain characterized by soil development is discussed elsewhere 
(see Section 10.5). 

10.2.1 CHANNELS 

Fluvial channels display high to relatively high energy, rapid 
fluctuations in flow velocity and rates of sedimentation and 
erosion, unstable banks and floors, and coarser-grain sizes 
than associated overbank environments. Running water or lotic 
habitats represent stressful and unstable environments for col- 
onization by a benthic fauna. Accordingly, production and/or 
preservation of biogenic structures are commonly inhibited. 
Buatois and Mangano (2004a, 2007) noted that some fluvial- 
channel ichnofaunas seem to have been emplaced when the 
channel is still active, while others reflect colonization after 
channel diversion (“abandonment”), or during periods of low 
discharge characterized by non-deposition (“inactive”). 

Active-channel deposits tend to have a meager trace-fossil 
record (Fig. 10.3). These deposits are characterized by low-di- 
versity suites (typically monospecific), and dominance of simple 
vertical burrows and escape traces (e.g. Bradshaw, 1981; Zawiskie 
et al, 1983; Fitzgerald and Barrett, 1986; Woolfe, 1990; Sarkar 
and Chaudhuri, 1992). The degree of bioturbation is commonly 
low, although dense assemblages of moderately deep to deep 
Skolithos are known (e.g. Fitzgerald and Barrett, 1986) (Figs. 

10. 1 and 10.2). Affinities with the Skolithos ichnofacies are con- 
sistent with the associated environmental seenario, although 
the identity of the tracemakers and the functional significance 
of these vertical structures are poorly understood (Buatois and 
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Figure 10.2 Schematic reconstruction 
of trace-fossil distribution in mean- 
dering river systems. Composition of 
vertebrate ichnofaunas is highly vari- 
able according to geological age. As 
in the case of braided rivers, active- 
channel deposits contain Skolithos 
(Sk). Abandoned-channel deposits 
commonly display Beaconites (Be), 
as well as vertebrate trace fossils such 
as the bird trackway Fuscinapeda (Fu) 
and a variety of heteropod trackways 
(Ht). Crevasse-splay deposits may 
exhibit Taenidium ( Ta), Planolites (PI), 
Cruziana (Cr), Rusophycus (Ru), and 
Diplichnites (Dp). Examples of ver- 
tebrate trace fossils in crevasse-splay 
deposits include the theropod ichno- 
genera Grallator (Gr) in Mesozoic 
strata and various types of heteropod 
trackways (Ht) in Cenozoic strata. 
Pond deposits may host CochUchnus 
(Co), Planolites (PI), Lockeia (Lo), 
Palaeophycus (Pa), Helminthopsis 
(He), and Helminthoidichnites (Hd). 
Vertebrate trackways are abundant 
and diverse in pond deposits includ- 
ing, for example, the shorebird ich- 
nogenus Ignotornis (Ig) in Mesozoic 
strata. Vertebrate and invertebrate 
trace fossils not to scale. 



Mangano, 1998, 2004a, 2007; White and Miller, 2008). In other 
situations, colonization of omission surfaces may have occurred 
(Netto et al., 2007). More rarely, vertebrate swim tracks, such 
as those produced by turtles (e.g. Chelonipus), are preserved in 
channel deposits (Lockley and Foster, 2006). 

Abandoned- or inactive-channel deposits contain meniscate 
trace fossils (Beaconites and Taenidium), vertical to inclined 
burrows (Skolithos and Cylindricum), arthropod trackways 
(Diplichnites), and simple horizontal burrows (Palaeophycus) 
(e.g. Allen and Williams, 1981; Graham and Pollard, 1982; 
Bamford et al., 1986; Sarkar and Chaudhuri 1992; Miller and 
Collinson, 1994; Miller, 2000; Keighley and Pickerill, 2003; 
Morrissey and Braddy, 2004; Lucas et al., 2006a; Buatois et al., 
2007a) (Fig. 10.3). Vertebrate (e.g. dinosaur and bird) tracks 
may occur locally in profuse densities at the top of abandoned- 
channel deposits (e.g. Lockley et al., 2003, Falcon-Lang et al., 
2007) (Figs. 10.1 and 10.2). Ichnodiversity is typically low, but 
relatively high when compared to active channels. The degree 
of bioturbation is highly variable. Low to moderate intensities 
of bioturbation are common, but high bioturbation indexes are 
locally measured, more commonly at the top of channel-sand- 
stone units (e.g. Buatois et al, 2007a). Meniscate trace fossils 
reflect the activity of vagile organisms that excavate while search- 
ing for food, most likely revealing a combination of bypassing 
and ingestion. Vertical to inclined burrows may serve several 
functions, such as permanent domiciles, semi-permanent shel- 
ters, nests, and passageways (Stanley and Fagerstrom, 1974). 



Insect nesting trace fossils may also be present, reflecting the 
ability of these organisms to colonize various types of sub- 
strates (Genise et ah, 2000) (see Section 10.5). Tracemakers that 
colonize abandoned or inactive channels are regarded as behav- 
ioral generalists that record an opportunistic strategy (Miller 
and Collinson, 1994). Ichnofaunas of abandoned- or inactive- 
channel deposits are similar in taxonomic composition to those 
from overbank deposits, because abandoned channels lead to 
the formation of ponded areas (Fig. 10.3). In terms of arche- 
typal ichnofacies, abandoned- or inactive-channel ichnofaunas 
belong to the Scoyenia ichnofacies. If channels are reactivated, 
the Skolithos ichnofacies is re-established. 

10.2.2 OVERBANK 

Overbank settings encompass a wide variety of subenviron- 
ments, including floodplains, crevasse splays and levees, which 
comprise complex riparian ecosystems (Naiman et al., 2005). 
These represent quite unique habitats in which a link is estab- 
lished between aquatic and terrestrial realms (Malanson, 1993). 
Ecological studies suggest that the lateral water flow that char- 
acterizes these settings near river channels ranks among one 
of the most important controlling factors in riparian ecology 
(e.g. Brown et ah, 1979; Malanson, 1993). Overbank flooding 
helps to define terrestrial-aquatic gradients, from perennially 
inundated wetlands through frequently inundated wetlands to 
occasionally and infrequently flooded areas. 
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Figure 10.3 Taphonomic pathways of fluvial ichnofaunas showing transitions between different channel and overbank trace-fossil suites. Substrate 
consolidation plays a major role in controlling ichnofacies occurrence (after Buatois and Mangano 2004a, 2007). 



Box 10.1 Ichnology of Miocene fluvial deposits of the Sub-Andean region of Bolivia 

Cenozoic deposits with thicknesses up to 7.5 km accumulated in the Chaco foreland basin of the Sub- Andean region 
of Bolivia, mostly recording sedimentation in fluvial environments. Bioturbation is widespread in anastomosed fluvial 
deposits of the Upper Miocene Tariquia Formation. This unit is dominated by Taenidium barretti, illustrating the Scoyenia 
ichnofacies. Ichnodiversity is remarkably low and trace-fossil composition does not change significantly throughout 
the succession, but ichnofabric analysis reveals some degree of variability as a result of various taphonomic pathways 
(Fig. 10.4). Abandoned main-channel deposits are sparsely bioturbated, while medium- to very fine-grained crevasse 
sandstone and overbank mudstone display intense and deep bioturbation (bi = 6), showing complete destruction of the 
primary sedimentary fabric. Main-channel and crevasse-splay sandstones both display upward increases in degree of bio- 
turbation. The tops of the channel and crevasse-splay sandstones represent colonization surfaces, therefore, allowing dir- 
ect measurements of maximum burrowing depth. Some specimens of Taenidium barretti may extend up to 2.2 m into the 
crevasse sand sheets. Depth and intensity of bioturbation of the main-channel and crevasse sandstones are a reflection of 
the colonization window (i.e. time between depositional events). Main-channel and crevasse sandstones that underlie thick 
packages of bioturbated overbank mudstones are intensely bioturbated, as a result of prolonged periods of low-energy 
sediment fall-out between crevassing events. Conversely, the lowest degree of bioturbation occurs in amalgamated channel 
sandstone units underlying thin intervals of overbank mudstones, reflecting high-frequency depositional episodes. 



Reference: Buatois et a!. (2007a). 
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Figure 10.4 Ichnofabric distribution in anastomosed fluvial systems from the Upper Miocene Tariquia Formation of Bolivia (modified from 
Buatois et al, 2007a). 



Trace fossils are more abundant and varied in overbank 
deposits, particularly where standing bodies of water are estab- 
lished (e.g. Fordyce, 1980; D’Alessandro et al., 1987; Buatois 
et al., 1997a; Buatois and Mangano, 2002, 2004a; Keighley 
and Piekerill, 2003). Although in some cases no increase 
in iehnodiversity is observed, overbank deposits are more 
intensely bioturbated than their associated channel deposits 
(Buatois et al., 2007a) (Box 10.1). In many cases, the only trace 
fossils present in a fluvial succession are found in fine-grained 



overbank intervals interbedded with unbioturbated, eoarser- 
grained staeked-channel deposits, recording taphonomic and 
colonization windows (Buatois et al., 1997a). 

Maples and Archer (1989) outlined a number of conditions 
that enhance the preservation potential of biogenic structures 
in overbank settings, namely: (1) deposition of fine-grained 
heterogeneous sediment; (2) little or no reworking; and (3) 
enough time between depositional events to allow coloniza- 
tion, but not so much time that plant colonization obliterates 
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Figure 10.5 Invertebrate and plant trace fossils in crevasse-splay depos- 
its of braided rivers Lower Triassic, Baranow Formation, Baranow 
Quarry, Holy Cross Mountains, Poland, (a) General view of bedding 
plane with Scoyenia gracilis, displaying both horizontal and vertical 
components and desiccation cracks. Scale bar is 5 cm. (b) Close-up of 
Scoyenia gracilis with well-developed scratch marks. Scale bar is 1 cm. 
(c) Vertical root trace fossil. See Bujok et al. (2008). 

animal traces. These conditions allow the preservation of deli- 
cate biogenic structures in protected ponded areas. Buatois and 
Mangano (2004a, 2007) noted that some overbank ichnofaunas 
are emplaced in water bodies that have been progressively des- 
iccated (desiccated overbank), while others record subaqueous 
colonization in water bodies filled by the vertical accretion of 
overbank deposits without experiencing desiccation (overfilled 



overbank). These two ichnofaunas commonly display con- 
trasting characteristics and are discussed separately. 

Desiccated-overbank deposits contain arthropod trackways 
(Diplichnites, Protichnites, Hexapodichnus, Trachomatichnus), 
meniscate trace fossils {Scoyenia, Taenidium, Beaconites) 
(Fig. 10.5a-b), ornamented burrows (Spongeliomorpha, 
Tambia), and bilobate trace fossils with scratch marks (Cruziana, 
Rusophycus) (e.g. Bromley and Asgaard, 1979; Bracken and 
Picard, 1984; Squires and Advocate, 1984; D’ Alessandro et al., 
1987; Debriette and Gand, 1990; Sarkar and Chaudhuri, 1992; 
Smith, 1993; Kim and Paik, 1997; Gand et al., 1997; Eberth 
et al., 2000; Savrda et al., 2000; Gierlinski et al., 2004; Buatois 
et al., 2007a; Lucas et al., 2010a). Vertical burrows {Skolithos, 
Cylindricum) and insect and arachnid nesting structures may 
also be present (Figs. 10.1 and 10.2). 

Desiccated-overbank deposits commonly contain superbly 
preserved vertebrate trackways. Late Paleozoic floodplain 
deposits may host abundant basal amniote trackways includ- 
ing a variety of sauropsids and synapsids (e.g. Smith, 1993). 
Mesozoic examples are dominated by dinosaur (e.g. theropods, 
ornithopods, sauropods), amphibian (e.g. temnospondyls), 
reptile (e.g. archosaurs, lepidosaurs), and bird trackways (e.g. 
Calafat et al., 1986; Lockley and Conrad, 1989; Fuglewicz et al., 
1990; Currie et al., 2003; Gierlinski et al., 2004; Gangloff et al., 
2004; Foster and Lockley, 2006; Flunt and Lucas, 2006b; Zhang 
et al., 2006; Smith et al., 2009) (Figs. 10.1 and 10.2). Formation 
of densely crowded tracked surfaces by chiroteriids and rhycho- 
sauroids resulted from a complex taphonomic history in which 
flooding may have led to the concentration of reptiles on nar- 
row land patches (Fuglewicz et al., 1990) (Fig. 10.6a-d). During 
low water levels, footprints were impressed on muddy substrate 
and subsequently cast by sand during the next flooding event. 
Wide varieties of bird (e.g. ciconiiforms, charadiiforms), rep- 
tile (e.g. turtles), and mammal (e.g. artiodactyls, perissodactyls, 
proboscideans, liptoterns, megatheriids, carnivores,) trackways 
occur in Cenozoic river-margin deposits (Aramayo and Manera 
de Bianco, 1996; Mustoe, 2002; Krapovickas et al., 2009). 

In addition to trackways, floodplain deposits may contain tetra- 
pod burrows (Fig. 10. 1 ). Permian-Triassic examples were produced 
by therapsids, such as Diictodon (Fig. 10.7a-c), Trirachodon, and 
Thrinaxodon (Smith, 1987; Groenewald et al., 200 1 ; Damiani et al., 
2003; Sidor et al., 2008), while similar structures in the Neogene 
are attributed to medium to small mammals, such as the primitive 
beaver Paleocastor (Martin and Bennet, 1977). Helicoidal burrows 
have been commonly placed in the ichnogenus Daimonelix, while 
other tetrapod burrows have not received formal ichnotaxonomic 
assignation. Amphibian burrows attributed to the lysorophid 
Brachydectes elongates were produced in Permian pond deposits, 
probably during episodic droughts (Hembree et al, 2004). Also, 
the finding of dinosaur skeletal remains in the expanded distal 
chamber of a burrow suggests that some dinosaurs were able to 
excavate (Varricchio et al, 2007). 

Invertebrate ichnodiversity is low to rarely moderate in 
desiccated-overbank deposits, but vertebrate trace fossils may 
be relatively diverse. The degree of bioturbation is highly vari- 
able, ranging from low to intense; some floodplain deposits may 
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Figure 10.6 Vertebrate trackways 
in crevasse-splay deposits of 
braided rivers. Lower Triassic, 
Wiory Formation, Wiory site, Floly 
Cross Mountains, (a) General view 
of a surface having a large dens- 
ity of labyrinthodontid trackways, 
including both Isochirotherium and 
Rhynsochauwides. Scale bar is 10 cm. 
(b) Surface with Isochirotherium (large 
tracks) and Rhynsochauroides (small 
tracks). Tail marks are associated with 
Isochirotherium tracks. Scale bar is 10 
cm. (c) Close-up of Isochirotherium 
trackway. Scale bar is 5 cm. (d) Skin 
textures preserved in Isochirotherium 
track. Scale bar is 5 cm. See Fuglewicz 
eta/. (1990). 



be totally bioturbated (e.g. Buatois et al., 2007a). Ichnofossils 
are associated with physical structures that indicate periodic 
subaerial exposure (e.g. desiccation cracks, raindrop imprints) 
(Fig. 10.5a). Root trace fossils occur locally (Fig. 10.5c). 
Depths of bioturbation up to 2.2 m have been measured for 
Taenidium harretti from colonization surfaces at the top of 
crevasse-splay sandstones (Buatois et al., 2007a). Deep bio- 
turbation may reveal avoidance of stressful conditions caused 
by extreme desiccation. Morrissey and Braddy (2004) sug- 
gested that the Beaconites producer, most likely a myriapod, 
burrowed to the water table in search of moisture during the 
dry season. In terms of archetypal ichnofacies, desiccated- 
overbank suites illustrate the Scoyenia ichnofacies (Buatois 



and Mangano, 2002, 2004a, 2007). With respect to vertebrate 
ichnofacies, these fluvial deposits contain examples of the so- 
called Amphisauropus sub-ichnocoenosis of the Batrachichnus 
ichnofacies from the Devonian to the Middle Triassic (Hunt 
and Lucas, 2006a, 2007). 

Trace-fossil morphology and burrow-wall characteristics 
suggest common emplacement in firm substrates (Fig. 10.3). 
For example, striated walls in Scoyenia (Fig. 10.5a- b) and 
Spongeliomorpha, sharp scratch marks in Tamhia, Cruziana, 
and Rusophycus and well-defined appendage imprints in arthro- 
pod trackways all indicate a cohesive substrate that has experi- 
enced desiccation due to subaerial exposure. This “desiccation 
suite” commonly cross-cuts an earlier, “pre-desiccation suite”. 
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Figure 10.7 The small dicyno- 
dont Diictodon and its ichnological 
record. Upper Permian, Teekloof 
Formation, Beaufort Group, south- 
western Karoo basin. South Africa, 
(a) Trackways formed along the 
shoreline of a floodplain water body. 
Scale bar is 3 cm. (b) Sand-filled 
helicoidal burrows containing at the 
base a terminal chamber. Scale bar 
is 10 cm. (c) Articulated skeletons 
found within the terminal chambers 
and spirals of burrows. Scale bar is 
10 cm. Specimens exhibited at the 
South African Museum, in Cape 
Town. See Smith (1987). 




Figure 10.8 Two suites of the 
Scoyenia ichnofacies in desiccated 
overbank deposits. Lower Permian, 
La Colina Formation, Los Colorados 
de Patquia, western Argentina, (a) 
Beaconites harretti. Meniscate back- 
filled trace fossils lacking striated 
walls, suggesting emplacement in a 
softground. (b) Firmground menis- 
cate striated trace fossils cross-cut- 
ting the softground suite. See Buatois 
et al. (1996a). Scale bars are 1 cm. 



which is typically characterized by meniscate, backfilled struc- 
tures without ornamentation (e.g. Taenidium and Beaconites) 
developed in soft substrates (Buatois et al, 1996a; Savrda et al, 
2000; Buatois and Mangano, 2002, 2004a) (Fig. 10.8a-b). Both 
suites belong to the Scoyenia ichnofacies, which in desiccated- 
overbank deposits may form palimpsest surfaces or composite 
ichnofabrics that record taphonomic pathways showing pro- 
gressive desiccation of floodplain sediments (see Section 6.2). 
Desiccated-overbank ichnofaunas are common in distal zones 
(comprising occasionally to infrequently flooded areas) and/or 
arid to semiarid settings. 

Overfilled-overbank deposits contain simple grazing trails 
(Helminthopsis, Helminthoidichnites), locomotion trails 
(Cochlichnus), horizontal dwelling burrows (Palaeophycus), 
dwelling burrow systems (Ctenopholeus), and bivalve resting 
(Lockeia) and equilibrium (Ca/ceo/orm/tej) traces (e.g. Turner, 
1978; Fordyce, 1980; Miller, 1986; Pollard and Flardy, 1991; 
Gluszek, 1995; Buatois et al, 1997a; Buatois and Mangano, 
2002; Keighley and Pickerill, 2003; Uchman et al, 2004b; 



Pienkowski and Niedzwiedzki, 2009) (Fig. 10.9a-c). Fish trails 
(Undichna) may be preserved in floodplain bodies of water 
(e.g. Morrissey et al, 2004; Wisshak et al, 2004). Arthropod 
and tetrapod trackways, meniscate trace fossils, and bilobate 
structures with scratch marks are typically absent; where pre- 
sent, they are subordinate elements (Buatois and Mangano, 
2002, 2004a, 2007). Ichnodiversity is low to rarely moderate. 
With rare exceptions (e.g. Ctenopholeus), most of the ichno- 
fossils are oriented parallel to the bedding plane, and reflect 
very shallow-tier emplacement, so intensity of bioturbation 
is low. Physical structures indicating subaerial exposure are 
absent, reflecting overbank vertical accretion rather than des- 
iccation of the water body. Root trace fossils may be common 
in associated waterlogged paleosols (Fig. lO.lOa-d). 

In these settings, morphological details of the trace fos- 
sils are commonly very poorly preserved, suggesting that they 
were formed in a water-saturated substrate (e.g. Buatois et al, 
1997a). Overall features of these overbank ichnofaunas indicate 
subaqueous emplacement (Fig. 10.3). Poorly preserved trace 





Ichnology of continental environments 



206 




Figure 10.9 Bivalve trace fossils in crevasse-splay deposits of meander- 
ing rivers. Lower Jurassic, Zagaje Formation, Soltykow Nature Reserve, 
Holy Cross Mountains, Poland, (a) General view of a sandstone base 
showing high density of the equilibrium structure Calceoformites 
uchmani. Scale bar is 3 cm. (b) Close-up of Calceoformites uchmani. 
Note spreite in the specimen on the right revealing re-positioning of 
the bivalve in response to sedimentation. Scale bar is 2 cm. (c) The 
dwelling/resting trace Lockeia. Scale bar is 2 cm. See Piehkowski and 
Niedzwiedzki (2009). 

fossils may be cross-cut by better-defined softground ichnofos- 
sils reflecting improving taphonomic conditions due to increas- 
ing consolidation of the substrate. In any case, burrow walls 
are unornamented indicating that substrates never attained 
firmground stage. These ichnofaunas lack most of the diag- 
nostic features of the Scoyenia ichnofacies and are regarded as 
examples of the impoverished Mermia ichnofacies (Buatois and 
Mangano, 2002, 2004a, 2007). The lower ichnodiversity of the 



Mermia ichnofacies in these overbank deposits in comparison 
with their equivalents from lakes results from the temporary 
nature of floodplain bodies of water and their less-stable con- 
ditions. Overfilled-overbank ichnofaunas are dominant in the 
proximal-overbank settings of meandering systems (comprising 
perennially to frequently inundated wetlands) and/or temperate 
and humid settings (Buatois and Mangano, 2004a, 2007). 

10.3 LAKES 



Modern lake systems contain a wide variety of benthic organ- 
isms that produce biogenic structures, including annelids (e.g. 
oligochaetes, leeches), aquatic to semiaquatic insects (e.g. 
dipterans and coleopterans), crustaceans (e.g. ostracodes), 
and mollusks (e.g. bivalves, gastropods) (Cohen, 2003; White 
and Miller, 2008). Some vertebrates, mostly fish, amphib- 
ians, and aquatic reptiles, although nektonic, may occasion- 
ally interact with the substrate to produce biogenic structures. 
Biogenic structures emplaced in lacustrine sediments have the 
highest preservation potential of all continental ichnofossils. 
Unsurprisingly, recent compilations demonstrated that there is 
a large volume of literature documenting examples of lacus- 
trine ichnofaunas (Buatois and Mangano, 2007; Minter et al., 
2007b). Cohen (2003) listed a number of abiotic and biotic fac- 
tors that control animal distribution in lakes. Abiotic factors 
include energy, light, oxygen, temperature, salinity, substrate, 
and nutrients, while biotic factors, such as competition, graz- 
ing, predation, and symbiosis, have complex feedback loops 
and are difficult to interpret (see also Miller and White, 2007). 

Species diversity results from a complex interplay of these 
different factors. Overall, larger lakes contain more species than 
small ones, because they are more persistent, encompass a great 
variety of habitats, and are located closer to centers of species 
origin (Cohen, 2003). As a general trend, ichnofaunas from 
large lakes are typically more diverse than those in small lakes 
or fluvial ponds (Buatois and Mangano, 2007). The density 
and diversity of benthic fauna usually reach a maximum in the 
oxygenated sublittoral zone (the concentration zone of Mackie, 
2001). In most lakes, this zone occurs between 2 and 4 m deep, 
but it may as deep as 18 m in large oligotrophic lakes (Mackie, 
2001, Martin et al, 2005; White and Miller, 2008). 

Taphonomic factors also play a major role in controlling 
ichnodiversity. The highest preservation potential of biogenic 
structures is in low-energy areas of lacustrine systems. Low- 
energy conditions may occur both in the deep zones of the 
lake, and in shoreline areas in systems that are weakly affected 
by wave action. In deep-lake environments, alternation of 
very fine-grained sandstone and mudstone deposited from 
underflow or turbidity currents promotes the preservation of 
delicate and tiny surface trails, as well as very shallow trace 
fossils (Buatois and Mangano, 1995c, 1998, 2007). In low-en- 
ergy shoreline areas, preservation of biogenic structures com- 
monly results from rapid influx of sand via non-erosive sheet 
floods (e.g. Zhang et al., 1998; Minter et al., 2007b). Although 
monospecific trace-fossil assemblages are present, moderately 
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Figure 10.10 Plant trace fossils from 
floodplain deposits of meandering 
rivers. Lower Triassic, Newport 
Formation, St. Michaels Cave, 
Sydney Basin, eastern Australia, 
(a) General view of intensely rooted 
deposits. Scale bar is 50 cm. (b) 
Close-up showing dominance of 
vertically oriented root trace fos- 
sils. Lens cap is 5.5 cm. (c) and (d) 
Close-ups of root trace fossils. Note 
that the root trace fossils are filled 
with sand, and no carbonaceous 
wall or infill is present. 



Box 10.2 Ichnology Oligocene fluvial-fan-lacustrine systems of Spain 

The Ebro Basin of northeastern Spain was characterized by fluvial fans attached to the basin margins grading towards 
the central-basin areas into hydrologically closed, shallow lakes. Trace fossils have been recorded in one such complex, 
the Oligocene Solsona-Sanaiija Fluvial Fan and the Noguera Lacustrine System. Bioturbation is absent in the lacustrine 
deposits, most likely as a reflection of the closed hydrology that may have caused hypersalinity. Fluvial-fan terminal- 
lobe deposits formed in low wetland areas around the lake contain a moderately diverse trace-fossil assemblage domi- 
nated by Taenidium barretti, Cochlichnus anguineus, and the bird footprint Gruipeda isp. Medial fluvial-fan areas include 
crevasse-splay deposits, which contain most of the ichnotaxa present in the terminal lobes, except for the bird tracks, 
plus abundant vertical burrows {Taenidium barretti and ornamented burrows). The presence of deep-tier traces in this 
assemblage was linked to the greater relief and lower mean groundwater position in the more proximal fan with respect to 
the lowland areas. Fluvial-channel deposits only contain irregularly clustered tunnels of unknown affinity formed after 
abandonment of the channel. The distribution of trace-fossil assemblages was essentially controlled by the position and 
fluctuations of water tables, which also promoted their composite nature. 

Reference: Gibert and Saez (2009). 



diverse ichnofaunas are common in lacustrine deposits. Gore 
(1989) subdivided lacustrine systems into hydrologically open 
and hydrologically closed. Buatois and Mangano (1998, 
2004a, 2007) used this scheme to frame ichnological observa- 
tions and, accordingly, this classification is used here. 

10.3.1 CLOSED LAKES 

Hydrologically closed lakes lack an outlet, and are character- 
ized by high salinity and rapidly fluctuating shorelines (Gore, 
1989). As a result, they represent extremely stressful ecosystems, 
in which faunal diversity is very low. Trace fossils formed under 
permanent subaqueous conditions are scarce or absent because 
of hypersalinity (e.g. Price and McCann, 1990; Uchman and 
Alvaro, 2000). However, moderately diverse ichnofaunas, 
both produced by invertebrates and vertebrates, may occur at 
the lake margins, in subaerially exposed littoral to mud-flat 
environments, recording the activity of terrestrial rather than 
aquatic faunas (e.g. Zhang et al., 1998; Minter et al, 2007b; 



Scott et al., 2007b; Gibert and Saez, 2009) (Boxes 10.2 and 
10.3) (Fig. 10.11). Species diversity increase is most evident at 
the lake margins due to rising lake levels and the associated 
decrease in salinity, while low diversity levels are maintained in 
the central part of the lake due to continuous accumulation of 
saline groundwater and chemical stratification (Cohen, 2003). 
Ichnofaunas from hydrologically closed lakes mostly consist 
of plant traces, arthropod trackways (Diplichnites, Umfolozia, 
Lithographus), meniscate trace fossils (Scoyenia, Taenidium), 
bilobate structures {Cruziana, Rusophycus), chironomid, cole- 
opteran, and annelid dwelling and feeding traces (Fuersichnus, 
Labyrintichnus, and Beaconites filiformis), and vertebrate 
traces (e.g. Bromley and Asgaard, 1979; Gierlowski-Kordesch, 
1991; Dam and Stemmerik, 1994; Kozur and Lemone, 1995; 
Rodriguez-Aranda and Calvo, 1998; Zhang et al., 1998; 
Clemmensen et al., 1998; Uchman and Alvaro, 2000; Schlirf 
et al., 2001; Fucas et ah, 2002; Melchor and Sarjeant, 2004; 
Minter et al., 2007b; Scott et al., 2007b). Chironomid (Diptera) 
larvae are highly tolerant to saline conditions, and are regarded 
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Box 10.3 Ichnology of Triassic lacustrine deposits of western Argentina 

Spectacular outcrops of the continental Middle to Upper Triassic Agua de la Pena Group of the Ischigualasto-Villa Union Basin 
of western Argentina allow careful analysis of traee-fossil distribution in lacustrine systems of contrasting characteristics. The 
Chanares Formation and the lowermost part of the Ischichuca Formation represent deposition in mildly saline to playa lakes 
surrounded by mud flats. Tetrapod trackways occur in the mud-flat deposits associated with desiccation cracks. These units reveal 
the stressful conditions dominant in hydrologically closed lakes, but also highlight the potential for trackway preservation in lake- 
margin areas. However, most of the Ischichuca Formation represents deposition in alternating shallow- and deep-water condi- 
tions, fluctuating from hydrologically open to closed. Lacustrine strata are stacked forming coarsening-upward parasequenees 
due to progradation of wave- and river-dominated deltas. Offshore underflow current deposits do not contain trace fossils, most 
likely as a result of anoxia in the hypolimnion of freshwater stratifled lakes. However, delta-plain ehannel deposits contain escape 
trace fossils, reeording rapid sedimentation in a river-dominated context. Lower delta-plain deposits contain a moderately diverse 
ichnofauna dominated by locomotion trace fossils {Cruziana problematica, Undichna hritannica, Diplichnites isp., Stiaria isp.), 
together with resting {Rusophycus stromnessi) and grazing (Cochlichnus anguineus) trace fossils. The pattern of trace-fossil distri- 
bution in the succession reveals the complex interplay of environmental conditions in lakes of fluctuating hydrological regime. 
The most diverse ichnological reeord is present in the Los Rastros Formation, with coarsening-upward parasequenees as a result 
of deltaic progradation. Upper delta-plain deposits contain simple dwelling trace fossils (e.g. Palaeophycus striatus) and vertebrate 
trackways (Rhynchosauwides isp.). Upper delta-front to lower delta-plain deposits are sparsely bioturbated and only contain a 
few ichnotaxa, mostly dwelling trace fossils {Palaeophycus tuhularis, Skolithos isp.), although Cochlichnus anguineus is also pre- 
sent. Some of the delta-front trace fossils are present in hummocky cross-stratifled sandstone, recording opportunistic coloniza- 
tion after storm events. Middle delta-front deposits display a relatively diverse association dominated by simple grazing trails 
(Helminthoidichnites tenuis, Helminthopsis abeli, Gordia indianaensis, Archaeonassa fossulata, Cochlichnus anguineus), with fish 
locomotion trails (Undichna britannica) and simple facies-crossing dwelling trace fossils (Palaeophycus tubularis) as subordinate 
components. Underflow-current deposits of the distal delta front are the most diverse in terms of trace-fossil content, hosting a 
wide variety of simple grazing trails (Helminthoidichnites tenuis, Gordia marina, Archaeonassa fossulata, Cochlichnus anguineus) 
and flsh trails (Undichna britannica, U. bina, U. cf insolent ia), with subordinate occurrences of feeding structures (Treptichnus 
pollardi), horizontal dwelling structures (Palaeophycus tubularis), and arthropod trails (Cruziana problematica, Diplopodichnus 
biformis, Didymaulichnus lyelli), resting traces (Rusophycus stromnessi, Avolatichnium isp.) and trackways (Bifurculapes isp., 
Diplichnites isp., Protichnites isp.). The Los Rastros Formation is an excellent example illustrating patterns of trace-fossil distri- 
bution in a hydrologically open lake affected by wave-dominated deltaic progradation. 

References: Melchor (2001, 2004, 2007); Melchor et al. (2003). 



Lake margin 




Figurel0.il Schematic reconstruction 
of trace-fossil distribution in hydro- 
logically closed lakes. Composition of 
vertebrate ichnofaunas is highly vari- 
able according to geological age. This 
type of lake typically displays sparse 
bioturbation, particularly in subaque- 
ous settings. Lake-margin deposits tend 
to have the highest diversity and dens- 
ity of trace fossils, including the stri- 
ated burrow system Spongeliomorpha 
(Sp), the striated meniscate trace 
fossil Scoyenia (Sc), arthropod track- 
ways, such as Umfolozia (Um) and 
Diplichnites (Di), and a wide variety of 
vertebrate trackways, such as Grallator 
(Gr) in Mesozoic examples. The 
salinity-tolerant ichno taxon Beaconites 
filiformis (Be) may be present in 
shallow-lake areas, while lake-center 
deposits are commonly unburrowed 
or may show local bioturbation in gyp- 
sum deposits. Desiccation cracks, and 
vertebrate and invertebrate trace fossils 
not to scale. 
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as the producer of Beaconites filiformis in saline lacustrine 
deposits (Uchman and Alvaro, 2000). However, large meniscate 
trace fossils filled with gypsum and micrite may occur in rela- 
tively high densities in some saline lake deposits (Rodriguez- 
Aranda and Calvo, 1998; Orti et al., 2003). 

Basal amniote trace fossils, particularly sauropsid trackways 
(Erpetopus, Dromopus, Varanopus, Hyloidichnus) and, to a 
lesser extent, “amphibian” trackways (Amphisauropus) may be 
particularly common in late Paleozoie ephemeral lake deposits 
(Haubold and Lucas, 2003; Melchor and Sarjeant, 2004; Minter 
et al, 2007b) (Fig. 10.11). Mesozoic vertebrate tracksites are 
typically dominated by dinosaur trackways, which have high 
preservation potential around ephemeral- and playa-lake envi- 
ronments (Lockley and Hunt, 1995). The theropod ichnogenera 
Eubrontes, Anchisauripus, Grallator are typical components (e.g. 
Lockley and Hunt, 1995; Getty, 2005). Cenozoic lake margins of 
closed lakes may contain abundant bird and mammal tracks (e.g. 
Scrivner and Bottjer, 1986; Cohen et al, 1991, 1993; Lockley and 
Hunt, 1995; Lockley and Meyer, 2000; Lucas et al, 2002). 

Associated physical structures (e.g. desiccation cracks, rain- 
drop imprints) indicate subaerial exposure. Under appropriate 
taphonomic conditions, omission surfaces totally covered by 
trackways may be preserved (Zhang et al, 1998) (Fig. 10. 12a-b). 
Due to the progressive desiccation of the substrate, better-de- 
fined trackways emplaced in compacted sediment commonly 
cross-cut those with less-defined imprints that were formed in 
less-firm substrates (Uchman and Alvaro, 2000; Buatois and 
Mangano, 2004a, 2007; Scott et al, 2009). 

The distribution and preservation of biogenic structures 
in saline lakes is controlled by a series of factors, some of 
which are related to the evolved fluid compositions result- 
ing from evaporation (Cohen et al, 1991; Scott et al, 2010), 
and in many saline lakes, by the presence of thermal springs 
(Scott et al, 2007a, b). Relatively fresh areas of lake margins, 
such as springs and ephemeral streams, favor the concentra- 
tion of many species of insects, mammals, birds, and reptiles 
that may contribute to the ichnological record. In addition, 
local development of microbial mats, associated with hyper- 
saline conditions and/or hot springs, may favor burrowing by 
certain insects (e.g. staphylinid, heterocerid beetles). In turn, 
matgrounds help to stabilize the substrate or contribute to its 
early cementation, increasing the preservation potential of 
biogenic structures produced by both vertebrates and inver- 
tebrates (Scott et al, 2007b). Lake-margin trace-fossil assem- 
blages of closed lakes are typical examples of the Scoyenia 
ichnofacies. No examples of the Mermia ichnofacies have been 
documented in closed-lake deposits. In terms of vertebrate 
ichnofacies, lake-margin trackway suites commonly belong to 
the Grallator ichnofacies from the Late Triassic to the Recent 
(Hunt and Lucas, 2007). 

10.3.2 OPEN LAKES 

Hydrologically open lakes have an outlet, and are character- 
ized by low salinity and relatively stable shorelines (Gore, 1989). 




Figure 10.12 Trackway overlap in marginal deposits of playa lakes. 
Lower Permian, Patquia Formation, Bordo Atravesado, western 
Argentina. See Zhang et al. (1998). (a) General view of a sandstone 
top exhibiting high density of arthropod trackways. Coin is 1 .6 cm. (b) 
Close-up of the tracked surface. Scale bar is 1 cm. 

Accordingly, they represent less stressful ecosystems than closed 
lakes. Open lakes contain more varied ichnofaunas, and a dis- 
tinction can be made between those established along the lake 
margin and those formed subaqueously further into the lake 
(Buatois and Mangano, 2004a, 2007) (Fig. 10.13; Box 10.3). 

Lake-margin ichnofaunas of hydrologically open lakes can be 
in turn subdivided into two main environmental settings: those 
of protected, low-energy sites under weak wave action and those 
in comparatively higher-energy environments either due to 
wave action or influence of distributary channels. Low-energy 
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Figurel0.13 Schematicreconstruction 
of trace-fossil distribution in hydro- 
logically open lakes. Composition 
of vertebrate ichnofaunas is highly 
variable according to geological age. 
This type of lake typically contains 
more diverse ichnofaunas. Protected 
lake-margin deposits are character- 
ized by meniscate trace fossils, namely 
Beaconites (Be) and Taenidium (To), 
bdobate trace fossils, such as Cruziana 
(Cr) and Rusophycus (Ru), arthropod 
trackways, such as Diplichnites (Di), 
and the sinusoidal trail Cochlichnus 
(Co). Vertebrate trackways are abun- 
dant and diverse in the subaerial 
portion of the lake margin. In par- 
ticular, shorebird tracks are common, 
including the ichnogenus Ignotornis 
(Ig) in Mesozoic strata. Vertical bur- 
rows, including Skolithos (Sk) and 
Arenicolites (Ar), tend to dominate in 
high-energy shoreline areas, such as 
mouth bars. Shallow- and deep-lake 
areas are very similar in taxonomic 
composition. Both are dominated by 
grazing trails, such as Gordia {Go), 
Cochlichnus (Co), Helminthopsis (He), 
and Helminthoidichnites (HI). The 
simple burrow system Treptichnus 
(Tr) is also common. The grazing 
trail Mermia (Me) and the fish trail 
Undichna (Un) are more common in 
deep-lake deposits. Vagorichnus (Va) 
may occur in deep-lake turbidites. 
Vertebrate and invertebrate trace fos- 
sils not to scale. 



conditions tend to predominate in sheltered shorelines or in 
small lakes. Ichnofaunas from low-energy lake margins con- 
sist of meniscate trace fossils (Scoyenia, Taenidium), arthropod 
trackways (e.g. Diplichnites, Kouphichnium), simple horizontal 
burrows (Palaeophycus), bivalve resting structures (Lockeia), 
and bilobate trails (Cruziana, Rusophycus) (e.g. Daley, 1968; 
Pollard et al, 1982; Smith et a!., 1982; Pollard and Walker, 1984; 
Walker, 1985; Cook and Bann, 2000; Hester and Lucas, 2001; 
Kim et al., 2005; Lucas and Lerner, 2006; Lucas et al., 2006b). 
Associations dominated by Lockeia seem to be common in car- 
bonate lake shorelines (Lucas et al, 2010a). 

Vertebrate trackways are also extremely common in low- 
energy marginal-lake deposits, including traces produced by 
amphibians, reptiles, dinosaurs, mammals, and birds (e.g. 
Olsen eta/., 1978; Alonso, 1985; Lockley eta/., 1986; Lim eta/., 
1989; Prince and Lockley, 1989; Abbassi and Lockley, 2004; 
Kim et al, 2006; Lockley et al, 2006). Shorebird tracks are 
particularly common in lake-margin deposits, with Ignotornis, 
Jindongornipes, Koreanaornis, and Aquatilavipes the most com- 
monly ichnogenera preserved (Fig. 10.13). In fact, dinosaur 
and bird tracks have been used to recognize paleoshorelines 
in lacustrine successions; tracked horizons typically occur at 



the top of shallowing-upward successions (e.g. Olsen et al, 
1978; Alonso, 1985; Lockley et al, 1986; Prince and Lockley, 
1989). Multiple horizons with dinosaur tracks allowed delin- 
eation of eyeles of expansion and contraction of the water 
body (Lockley, 1986, 1989). Fossil human footprints have also 
been documented in lake-margin deposits (Zavala et al, 1992; 
Bayon and Politis, 1996). Other vertebrate trace fossils include 
lungfish burrows, which may have served as aestivation cham- 
bers and breeding tunnels (e.g. Gobetz et al, 2006). 

Even freshwater, open lakes can experience periods of rela- 
tively low lake levels, with exposure of littoral deposits and 
desiccation of lake-margin areas. Accordingly, trace fossils are 
commonly associated with physical structures that indicate 
subaerial exposure. These ichnofaunas are examples of the 
Scoyenia ichnofacies, which occurs in low-energy, lake-margin 
areas, and records adaptations of a benthos to either very 
slightly submerged sediments that are periodically desiccated 
or to waterside subaerial substrates that are periodically sub- 
merged (Frey and Pemberton, 1987). Because of desiccation of 
lake-margin deposits, firmground ichnofaunas dominated by 
striated meniscate trace fossils (Scoyenia) and burrow galleries 
(Spongeliomorpha) may be present (e.g. Metz, 1993). Bioerosion 
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Figure 10.14 Vertebrate trace fos- 
sils in lacustrine deposits. Upper 
Carboniferous, Radnice Member, 
Kladno Formation, Bohemia, 
Czech Republic. See Turek (1989). 
(a) The fish trail Undichna britan- 
nica. (b) The amphibian trackway 
Gracilichnium (?) chlupaci. Scale 
bars are 1 cm. 



in stromatolites has been recorded also, but it is relatively rare 
(Ekdale et al., 1989). Vertebrate ichnofacies in these low-energy 
shorelines typically represent the Grallator ichnofacies from the 
Late Triassic to the Recent (Hunt and Lucas, 2007). 

Moderate- to high-energy conditions are more common 
in large lakes affected by strong waves or near the mouth 
of distributary channels. These zones are characterized hy 
strong turbulence and a mobile substrate, complicating col- 
onization by the macrobenthos (Cohen, 2003). The ichno- 
fauna of these lakes is dominated by simple vertical burrows 
(Skolithos), U-shaped vertical burrows (Arenicolites), and 
escape structures (e.g. Mangano et al., 1994; Melchor et ah, 
2003; Buatois and Mangano, 1998, 2004a, 2007) (Fig. 

10.13) . These trace-fossil assemblages show affinities with 
the Skolithos ichnofacies (Buatois and Mangano, 1998, 
2004a; Melchor et al., 2003) (see Section 10.2.1). Overall, 
ichnofaunas dominated by vertical burrows are less eommon 
than the typieal lake-margin Scoyenia assemblages. 

The subaqueous zones of hydrologically open lakes are 
characterized by low energy and relative environmental stabil- 
ity. The most important controls on trace-fossil distribution in 
these areas are oxygen content, energy, food supply, and sub- 
strate (Buatois and Mangano, 2007). Oxygenation is a first-or- 
der limiting factor because in lakes with thermal stratification, 
the hypolimnion becomes anoxic/dysoxic and bioturbation is 
commonly suppressed. Turbidity and underflow currents may 
provide oxygen to lake bottoms, favoring the establishment of 
benthic faunas. In addition, episodic or sustained flows help 
to increase food supply hy transporting organic detritus from 
adjacent alluvial plains and lacustrine-shoreline areas. On the 
other hand, in areas strongly affected by high-energy sediment 
gravity flows, bioturbation may be inhibited. The degree of con- 
solidation of the substrate also plays a role because trace-fossil 
preservation is precluded in soupy substrates. 

Feeding (Treptichnus, Vagorichnus, and Tuberculichnus) 
and grazing traces (e.g. Mermia, Gordia, Helminthopsis, and 
Helminthoidichnites) of detritus and deposit feeders are com- 
monly dominant in subaqueous zones of open lakes (Fig. 

10.13) , most commonly in siliciclastic (e.g. Walter, 1985; 
Pickerill, 1992; Buatois and Mangano, 1993a; Miller et al., 
1991; Buatois et al., 1996b; Walter and Suhr, 1998; Melchor 
et al., 2003; Melchor, 2004), but also in carbonate deposits (e.g. 
Buatois et al., 2000; Gibert et al., 2000). Although arthropod 
trackways may occur, they are comparatively rare. Vertebrate 



trace fossils are represented by the fish trail Undichna and the 
amphibian trackways Lunichnium and Gracilichnium (Higgs, 
1988; Turek, 1989; Gibert et al., 1999; Trewin, 2000; Minter 
and Braddy, 2006b) (Figs. 10.13 and 10.14a-b). 

Pleistocene varves seem to contain a very distinctive ichno- 
fauna (e.g. Gibbard and Stuart, 1974; Gibbard, 1977; Gibbard 
and Dreimanis, 1978; Walter and Suhr, 1998; Gaigalas and 
Uchman, 2004; Uchman et al., 2009; Benner et ah, 2009; Knecht 
et al., 2009). Glacial varves contain not only simple grazing 
trails (e.g. Gordia, Cochlichnus, and Helminthoidichnites) and 
fish traces (e.g. Undichna, Pisichnus, and Broomichnium), but 
also arthropod trackways (e.g. Glacichnium and Warvichniuni). 

Ichnological evidence is useful to distinguish between depos- 
its from sustained density underflows and episodic turbidity 
currents (Buatois and Mangano, 1998, 2004). Both processes 
commonly operate in open lakes and are difficult to differentiate 
based on physical sedimentary structures alone. As discussed by 
Pharo and Carmack (1979), turbidites are deposited by episodic 
currents that involve redeposition of sediment initially emplaced 
under unstable conditions, while underflow currents are rela- 
tively continuous and represent the uninterrupted transport of 
river-borne sediment into the lake. Turbidites commonly dis- 
play ichnofossils at the top of layers or, more rarely, at the base 
of layers. In both cases, the trace-fossil suite records coloniza- 
tion of opportunistic organisms after episodic emplacement of 
the event bed (Buatois and Mangano, 1998) (Fig. 10.15). Where 
preserved at the base, a post-depositional origin is indicated by 
the presence of trace fossils cross-cutting inorganic sole marks 
(e.g. Buatois et al., 1996b). Almost invariably pre-depositional 
suites are more diverse than post-depositional suites. Underflow- 
current deposits contain distinctive suites of ichnofossils in each 
lamina or lamina set (e.g. Buatois and Mangano, 1993a; 1998; 
Melchor et al., 2003), reflecting that they were produced con- 
temporaneously with sedimentation, rather than after a major 
break in deposition as is typical of turbidites (Fig. 10.16). 

Trace fossils also help to distinguish between marine and 
lacustrine turbidites, which are identical in terms of physical 
sedimentary structures (Buatois and Mangano, 1998, 2004a). 
Deep-marine turbidites display diverse ichnofaunas dominated 
by ornate grazing trace fossils and graphoglyptids that reflect 
highly specialized feeding strategies recorded by the Nereites 
ichnofacies (see Section 4.3.5). In contrast, lacustrine turbidites 
are characterized by non-specialized grazing and feeding trace 
fossils (Buatois and Mangano 1998, 2004a) (Fig. 10. 17a-e). These 
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Figure 10.15 Ichnology of lacus- 
trine turbidites. Ichnofossils typ- 
ically occur at the top of turbidite 
layers (e.g. simple grazing trails) 
or, more rarely, at the base of lay- 
ers (e.g. Vagorichnus), recording 
opportunistic colonization after 
episodic emplacement of the event 
bed. Modified from Buatois and 
Mangano (1998). 
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Figure 10.16 Ichnology of under- 
flow-current deposits. These depos- 
its may contain distinctive suites 
of ichnofossils in each lamina or 
lamina-set, recording animal activ- 
ity contemporaneous with sedimen- 
tation. Modified from Buatois and 
Mangano (1998). 



non-specialized feeding patterns are illustrated by the ichnogenus 
Mermia, which shows looping and a high level of self-overcross- 
ing, revealing the repeated passage of the tracemaker across the 
same portion of sediment. Other examples of unsophisticated 
feeding strategies are the simple grazing trails Helminthopsis and 
Helminthoidichnites. Such non-specialized feeding strategies most 
likely reflect the abundance and accessibility of food in lacustrine 
systems (Buatois and Mangano, 2004a). The comparatively lower 
ichnodiversity of lakes in comparison with deep-marine environ- 
ments results from the more ephemeral nature of the continental 
bodies of water (Buatois and Mangano, 1998). 

Although oxygen-depleted lacustrine sediments are com- 
monly unbioturbated, some organisms have developed adapta- 
tions to deal with dysaerobic to anoxic settings (Cohen, 2003). 
In modern lakes, chironomid larvae construct oxygen-mining 
burrows similar to Polykladichnus and Thalassinoides to exploit 
food in suboxic and anoxic sediment (Gingras et al., 2007). 
Similar structures have been rarely documented in the fossil 
record (e.g. Smith et al., 1982). 

Permanent subaqueous lacustrine zones of hydrologic- 
ally open lakes are characterized by the Mermia ichnofacies, 
which extends from shallow to deep areas of the lake (Buatois 
and Mangano, 1995a, 1998). No archetypal trace-fossil 



associations can be defined at present to distinguish between 
shallow-and deep-lacustrine subenvironments. Virtually all 
of the same assemblages that occur in shallow areas of some 
lakes (e.g. Pickerill, 1992) occur in the deep areas of others 
(e.g. Buatois and Mangano, 1993a; Buatois et al, 1996b). 
Both examples belong to the same archetypal ichnofacies, 
the Mermia ichnofacies. These variations in ichnofossil con- 
tent from one lake to the other probably reflect the wide vari- 
ability of lacustrine basins. Although there are no recurrent 
ichnofacies that distinguish shallow-versus deep-lacustrine 
subenvironments, zonations can be made at the scale of indi- 
vidual lacustrine basins (e.g. Metz, 1996; Walter and Suhr, 
1998; Melchor et ah, 2003; Melchor, 2004) (Box 10.3). In gen- 
eral, traces of deposit and detritus feeders dominate in deeper 
areas of the lake, while suspension-feeder traces may occur in 
littoral zones, a pattern consistent with distribution of these 
trophic types in modern lakes (Cohen, 2003). 

10.4 DESERTS 



Deserts develop in areas where rainfall rarely exceeds evapor- 
ation and, as such, impart significant stress on their biotas. In 



10.4 Deserts 



213 




Figure 10.17 Trace fossils preserved 
at the base of lacustrine turbidites. 
Lower Jurassic, Anyao Formation, 
Jiyuan-Yima Basin, central China, 
(a) Vagorichnus anyao cross-cut- 
ting sole mark, (b) Tuherculichnus 
vagans. (c) Paracanthorhaphe tog- 
wunia. (d) Cochlichmis anguineus. (e) 
Helminthopsis aheli. Scale bars are 1 
cm. See Buatois et a!. (1996b). 



particular, the interaction between rainfall and nutrient avail- 
ability is essential in controlling desert dynamics and ecology 
(Whitford, 2002). Episodic events, such as flash floods and wind 
storms, also have a huge impact in desert ecosystems. Animals 
inhabiting deserts have a series of adaptive physiological traits 
and behavioral mechanisms that allow them to maintain a sur- 
vivable thermal energy balance and water balance (Whitford, 
2002). In this regard, the role of benign microclimates within 
desert areas is of paramount importance. 

In contrast with other continental environments, the ichnol- 
ogy of eolian systems is less well understood. However, in recent 
years there has been a renewed interest in eolian trace fossils 
(e.g. Fornos et ah, 2002; Hunt and Lucas, 2007; Ekdale et ah, 
2007; Loope, 2008). Available information derives from both 
modern environments and some case studies from the fossil 
record. In modern eolian systems, a moderate diversity of bio- 
genic structures, mostly produced by arthropods (in particular 
arachnids and insects), has been documented (e.g. Ahlbrandt 
et al., 1978). More specifically, tracemakers in inland dunes 
and interdune areas include burrowing wasps, crickets, beetles, 
spiders, scorpions, millipedes, termites, and ants. In the case 
of coastal eolian dunes, dwelling burrows of the crab Ocypode 
quadrata, producer of Psilonichnus in the fossil record, are 
common (Frey et al., 1984a; Curran, 1992, 1994). 

Burrowing commonly represents an efficient strategy to 
escape from the harsh conditions at the surface. In hot deserts 
most arthropods live underground during the day and leave their 
burrows at night, while under warmer conditions some may be 
diurnal (Cloudsey-Thompson, 1991). However, some arthro- 
pods (e.g. millipedes, mites) lack morphological and physio- 
logical water-conservation adaptations, and are only able to 
live at the surface after rainfall events (Tevis and Newell, 1962; 
Whitford, 2002). Termites and ants live mainly in underground 



nests and galleries that may extend up to 2-3 m below the sur- 
face (Whitford, 2002). Burrows not only offer protection from 
high temperatures and desiccation, but they are also an integral 
part of the feeding strategies of passive predators, such as spi- 
ders, scorpions, and tiger beetle larvae, which prey on different 
insects and even small vertebrates, adopting a “sit and wait” 
strategy (Main, 1982; Pearson, 1988; Whitford, 2002). Many 
insects (e.g. crickets, most beetles) are detritus and deposit 
feeders that exploit sites of preferential accumulation of wind- 
blown detritus (Crawford, 1988). Overall, desert ichnofaunas 
reflect the activity of feeding generalists. 

In addition, a number of vertebrates, mostly mammals and 
reptiles, inhabit desert systems, and may produce biogenic struc- 
tures. The majority of small mammals (e.g. squirrels, kangaroo 
rats) live in their own burrows during the day, where they experi- 
ence more favorable microclimates. Intermediate-size mammals 
(e.g. rabbits, foxes) either construct their own burrows, or enlarge 
those constructed by other animals (Whitford, 2002). Reptiles 
also burrow into the sediment, although their efficient thermo- 
regulatory behavior allows them to experience less stress due 
to high temperatures (Whitford, 2002). Experiments with sand- 
swimming snakes (the Kenyan sand boa Eryx colubrinus) indicate 
that these organisms produce a wide variety of biogenic structures 
(Hembree and Hasiotis, 2007). Amphibians are rare, but they 
may occur in ephemeral water bodies, which serve as breeding 
sites (Whitford, 2002). They typically burrow into the sediment 
to absorb moisture from the soil and avoid the desiccating envir- 
onment of the surface. Although vegetation is typically sparse to 
non-existent, plant traces may occur around water bodies. 

Ahlbrandt et al. (1978) noted that the preservation poten- 
tial of most eolian biogenic structures is low. Wind erosion is 
pervasive and detrimental for preservation of plant or animal 
structures. Most of the traces seen in modern environments 
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occur in the erosional stoss side of dunes and, therefore, have 
very low preservational potential (Ekdale et al., 2007). The 
presence of temporarily wetted and cohesive substrates, rapid 
burial, emplacement in the depositional slip phase, lined bur- 
row walls, preferential cementation, and stabilization by bio- 
logical crusts are among the factors that promote preservation 
of biogenic structures. In particular, Seilacher (2008) empha- 
sized the importance of microbial participation (bioglues) in 
the preservation of delicate arthropod and vertebrate track- 
ways in eolian-dune deposits. Animal burrowing removes and 
disaggregates large volumes of sediment, contributing to its 
deflation by wind (Whitford and Kay, 1999; Whitford, 2002). 

Eolian ichnofaunas typically show low diversity in the fos- 
sil record, mainly because of their low preservation potential 
(Fig. 10.18). In general, trace-fossil diversity is directly linked 
to the position of the water table and the predominant climatic 
conditions. In hyper-arid climatic settings, the regional water 
table lies well below the accumulation surface in most areas of 
the desert (Mountney, 2004). Under these conditions, dry eolian 
systems, characterized by large and extensive dunes are formed. 
Associated dry interdunes are characterized by accelerating 
airflow and are subject to intense erosion. As a consequence, 
dunes grow and expand at the expense of the interdune flats 
(Mountney, 2006). Typically, dry eolian systems are sparsely 
vegetated at best, and contain few or no trace fossils due to the 
absence of near-surface moisture. However, trace-fossil suites 
may occur in grain-flow layers of the dune slip faces, reflecting 
preferential preservation in damp sand during rainy seasons 
(Sadler, 1993; Loope, 2006; Ekdale et al., 2007). 

Under arid climates, wet eolian systems tend to domin- 
ate (Mountney, 2004). In these systems the water table or its 
capillary fringe is in contact with the accumulation surface 
and, therefore, moisture influences sedimentation (Mountney, 
2006). The presence of damp sand restricts sediment availabil- 
ity for transport. Complex patterns of dunes and wet and damp 
interdunes are common. Vegetated zones may occur along 
interdunes corridors, leading to the local formation of rooted 
layers. Elevated water tables result in local concentrations of 
track, trails, and burrows in interdune settings. In addition, the 
preservation potential of biogenic structures is enhanced par- 
ticularly in wet interdunes. Large burrows probably formed by 
insectivorous vertebrates have been documented on the flanks 
of actively migrating, compound dunes, in moist sand that 
most likely formed due to seasonal rainfall (Loope, 2008). 

In semiarid climatic settings, large parts of deserts become 
stabilized (Mountney, 2004). In stabilized eolian systems, vege- 
tation and surface cementation play a major role in accumu- 
lation by restricting sediment availability (Mountney, 2006). 
Due to extended vegetation cover, root traces may be abun- 
dant and incipient paleosols may develop. Water tables are 
typically high, promoting the formation and preservation of 
invertebrate and vertebrate structures. Rooted and burrowed 
horizons commonly occur at several stratigraphic levels. These 
horizons reflect bypass supersurfaces that form where the 
water table remains static (Mountney, 2004). 



Interestingly, Paleozoic and post-Paleozoic eolian ichno- 
faunas are remarkably different (see Sections 4.5.4 and 
14.2.6). Trackways produced by scorpions (Octopodichnus, 
Paleohelcum) are particularly common in Paleozoic eolian- 
ites (e.g. Brady, 1947; Sadler, 1993; Hunt and Lucas, 2007). 
Although ichnodiversity may reach moderate levels particu- 
larly in post-Paleozoic eolian deposits, many ichnotaxa (e.g. 
Arenicolites, Palaeophycus, Skolithos) may have been produced 
by the same burrower (Ekdale et al., 2007). During the Permian, 
the fossil track record is dominated by different ichnospecies of 
Chelichnus (Fig. 10. 18), possibly produced by non-mammalian 
synapsids (McKeever and Haubold, 1996). Mesozoic eoli- 
anites contain carnivore dinosaur trackways (e.g. Grallator) 
rather than those produced by herbivore dinosaurs, suggest- 
ing that carnivorous dinosaurs fed on smaller carnivores, 
mammals and invertebrates (Leonardi, 1989; Lockley, 1991). 
In addition, some of these trackways are of small size, which 
may indicate dwarfism in response to the harsh conditions 
of deserts (Leonardi, 1989). In addition to trackways, verte- 
brate burrows attributed to tritylodontid cynodonts have been 
recorded in interdune deposits (Fig. 10.18), probably reflect- 
ing colonization during periods of high rainfall (Lucas et al., 
2006c). Preferential preservation of trackways has been noted 
in certain eolian settings, such as cliff-front coastal echo dunes 
(Fornos et al., 2002). The preservation potential of biogenic 
structures is enhanced in echo dunes because deflation erosion 
is reduced against the cliff Extensively trampled horizons may 
alternate with intervals preserving the primary sedimentary 
fabric. Associated biogenic structures include root traces at the 
margins of dune deposits and horizontal insect galleries similar 
to the ichnospecies Gracilichnus sinualis (Fornos et al., 2002). 

Eolian dune iehnofaunas are attributed to the recently intro- 
duced Octopodichnus-Entradichnus ichnofacies (Hunt and 
Lucas, 2007; Ekdale et ah, 2007). In terms of vertebrate ichno- 
facies, they belong to the Chelichnus ichnofacies (Hunt and 
Lucas, 2007). Vegetated dunes may contain the Coprinisphaera 
or the Celliforma ichnofacies in connection to incipient pale- 
osols, while the Scoyenia ichnofacies typically occur in wet 
and, less commonly, damp interdunes (Buatois and Mangano, 
1996; Genise et al., 2000). 

10.5 PALEOSOLS 



Paleosols represent an important element of alluvial succes- 
sions and its associated ichnofaunas have received significant 
attention during the last decade (e.g. Bown and Laza, 1990; 
Hasiotis et al., 1993b; Genise and Bown, 1994b; Smith et al., 
2008b; Genise et al., 2000, 2004b, 2010a) (Box 10.4). The nature 
of paleosol ichnofaunas is shaped by a number of factors, such 
as the intensity of soil processes, the position of the water table, 
climate, the duration of subaerial exposure, and the evolution 
of bioturbating insects (Genise et al., 2000, 2004b). Needless to 
say, most of these factors are not independent, but are closely 
interrelated. 
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Figure 10.18 Schematic reconstruction of trace-fossil distribution in deserts. Composition of vertebrate ichnofaunas is highly variable according 
to geological age. Dune areas display a low diversity and density of trace fossils, including scorpion trackways, such as Octopodichnus (Oc) and 
Paleohelcura (Ph), meniscate trace fossils, such as Entradichnus (En), simple vertical and horizontal burrows, such as Skolithos (Sk) and Palaeophycus 
(Pa), and various vertebrate trackways, including Chelichnus (Ch) in Permian examples. Dry-interdune deposits commonly contain a few trace fossils, 
such as Octopodichnus (Oc), Paleohelcura (Ph), Skolithos (Sk), and Palaeophycus (Pa) and tetrapod excavations (Ex). In Mesozoic assemblages dune 
and dry-interdune deposits may contain trackways produced by theropod dinosaurs (e.g. Grallator (Ga)) and synapsids (e.g. Brasilichnium (Br)). 
Wet-interdune deposits may contain slightly more diverse ichnofaunas, including the ichnogenera Taenidium (Ta), Scoyenia (Sc), Cruziana (Cr), 
Palaeophycus (Pa), Planolites (PI) and Arenicolites (Ar). Some areas may be vegetated with moderate soil development. Trace fossils in these soils may 
include Coprinisphaera (Co), Celliforma (Ce), tetrapod excavations (Ex), and root traces (Rt). Vertebrate and invertebrate trace fossils not to scale. 



Box 10.4 Ichnology of Lower-Middle Miocene paleosols of Patagonia, Argentina 

Mesozoic and Cenozoic paleosols preserved in Patagonia, southern Argentina, have become a natural laboratory from 
which some of the most comprehensive studies of terrestrial ichnology have resulted. These studies include the detailed 
characterization of a large number of ichnotaxa, careful analysis of their producers, and evaluation of the resulting ichno- 
fabrics. In particular, the Lower to Middle Pinturas Formation has been the subject of a number of studies. This pyroclastic 
unit contains abundant fossil mammals (including platyrrhine primates) and trace fossils of insects and rodents. Analysis of 
its insect trace fossils has provided valuable information to explain changes in paleoenvironmental conditions during depos- 
ition of this unit. Mature paleosols from the lower part of the Pinturas Formation contain the termite nest Syntermesichnus 
fontanae, which is locally associated with the scarabid beetle nest Coprinisphaera frenguellii. These paleosols were formed in 
a marginal habitat between forested areas and more open country. Associated primate body fossils also point towards the 
presence of nearby forested areas. These mature paleosols alternate with immature ones containing the bee cells Celliforma 
rosellii and Celliforma pinturensis, together with Coprinisphaera frenguellii. While primate body fossils are absent, skeletons 
of large herbivorous mammals (e.g. Astrapotherium and Astrapothericulus) are abundant. Large herbivores most likely pro- 
vided the dung that was exploited by the scarabid beetles. The presence of burrowing bees is consistent with arid conditions 
and moderate plant growth. Integration of sedimentological, ichnological, and paleontological evidence suggests that the 
Pinturas Formation reveals a succession of ash-fall events, deforestation, drying, and establishment of eolian-dune fields, 
followed by the return of humid conditions, forest development, and the formation of mature paleosols. 

References: Bown and Laza (1990); Genise and Bown (1994a). 
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Soil processes affect the primary sedimentary fabric and may 
also disrupt biogenic structures. For example, laterization may 
strongly affect paleosol ichnofabrics, only allowing preserva- 
tion of insect nests with thick constructed walls (Genise et al., 
2004b). In addition, laterization disrupts ichnofabrics by ran- 
domly reorienting insect nests. These authors noted that soil 
features that disrupt the primary fabrie of terrestrial deposits 
are in some cases independent of bioturbation and, therefore, 
proposed that the pedofabrie should be evaluated independ- 
ently from the iehnofabric (see Section 5.5). 

The position of the water table strongly controls the type of 
trace fossils present in soils (e.g. Hasiotis et al., 1993b; Genise 
et ah, 2004b). While bee and dung beetle nests commonly 
occur in environments characterized by low water tables, 
ant and termite nests are present in well-drained to season- 
ally flooded soils, and earthworms typically burrow in moist 
substrates, such as gleyed paleosols (Genise et al., 2004b) (see 
Section 6.1.10). The water table preferences of coleopteran 
pupal chambers are less understood, although available infor- 
mation indicates that they occur above the water table (Genise 
et al., 2002). Waterlogged soils are commonly reducing, pre- 
cluding insect nesting (Retallack, 1990). 

Climate ranks as one of the most significant controls in paleo- 
sol ichnofaunas, and this is clearly refleeted in recently devel- 
oped models of paleosol ichnofacies (Genise et al, 2000, 2004a, 
2010a). As a result, ichnofacies show a close correspondence 
with the plant formations identified by Mueller-Dombois and 
Ellenberg (1980). In particular, the Coprinisphaera ichnofacies 
occurs in paleosols developed in paleoecosystems of herbaceous 



eommunities, ranging from dry and cold to humid and warm 
conditions, while the Termitichnus ichnofacies is present in pale- 
osols formed in closed forests with plant growth under warm 
and humid conditions and the Celliforma ichnofacies typifies 
earbonate-rich paleosols (see Sections 4.4.3, 4.4.5, and 4.4.6). 

The importance of climate as a limiting factor on paleosol 
iehnofaunas is due to their overwhelming dominance by insect 
nests, which contain larvae provisioned with organie mat- 
ter. Larvae and provisions are strongly sensitive to microcli- 
matic conditions (e.g. moisture and soil temperature) because 
an excess of moisture inside cells leads to decay of provisions 
and insufficient moisture is conducive to larval dehydration 
(see Section 6.1.9). Overall, dung beetles, bees and, to a lesser 
extent, ants nest in bare soil exposed to sun rather than in 
humid tropical areas (Batra, 1984; Michener, 1979; Genise and 
Bown, 1994a). In contrast, most termite nests typically char- 
acterize more humid soils (Grasse, 1984). Some termites (e.g. 
Macrotermitinae), however, exhibit a wider range and are able 
to live from tropieal rain forests to semiarid steppes. 

Duration of subaerial exposure strongly impacts soil 
maturity and trace-fossil diversity. Extended periods of sub- 
aerial exposure are commonly associated with mature soils 
that contain abundant and diverse insect nests. Termite eol- 
ony growth by apposition of chambers and contemporaneous 
formation of new colonies reflect long periods of subaerial 
exposure (Genise and Bown, 1994b). In contrast, nests of 
solitary inseets require shorter periods of subaerial expos- 
ure. Finally, soils formed around water bodies or in swamps 
lack insect nests and contain only root traces. 



1 1 Ichnology of carbonate environments, rocky shorelines, and 
volcanic terrains 



The pillars are forty-two feet in height; their surface is smooth and uninjured to the height of about twelve feet above their pedestals. Above 
this, is a zone, twelve feet in height, where the marble has been pierced by a species of marine perforating bivalve - Lithodomus, Cuv. The 
holes of these animals are pear-shaped, the external opening being minute, and gradually increasing downwards. At the bottom of the 
cavities, many shells are still found, notwithstanding the great numbers that have been taken by the visitors. The perforations are so con- 
siderable in depth and size, that they manifest a long continued abode of the Lithodomi in the columns; for, as the inhabitant grows older 
and increases in size, it bores a larger cavity, to correspond with the increasing magnitude of its shell. We must, consequently, infer a long 
continued immersion of the pillars in sea-water, at a time when the lower part was covered up and protected by strata of tuff and the rubbish 
of buildings, the highest part at the same time projecting above the waters, and being consequently weathered, but not materially injured. 

Charles Lyell 
Principles of Geology (1830) 



Estoy sentado aqui en el atolon. Estoy sentado y plantado aqui en el atolon. 

Luis Alberto Spinetta 
Holanda (1996) 



As mentioned in previous chapters, our ichnological knowledge 
of the different depositional environments is highly variable. 
For example, carbonates have received less attention than silici- 
clastics. Also, volcanic terrains have been little explored from an 
ichnological perspective. On the other hand, rocky shorelines, 
which fall within the realm of bioerosion, have been the focus 
of a number of detailed ichnological studies, both on modern 
and ancient shorelines. In fact, the study of bioerosion has a 
long history, starting with Lyell’s (1830) observation of borings 
produced by the lithophagid bivalve Lithodomus, which actu- 
ally belongs in the ichnogenus Gastrochaenolites, pervasively 
bioeroding the marble pillars of the Temple of Serapis. In this 
chapter, we will explore the ichnology of this last set of envi- 
ronments. First, we will focus on carbonate rocks, addressing 
shallow-marine tropical carbonates, reefs, shelf and deep-sea 
chalk, and carbonate turbidites. Second, we will review our pre- 
sent knowledge of rocky shorelines. Finally, we will explore the 
ichnology of environments strongly affected by volcanism. 

11.1 CARBONATE SYSTEMS 



Notwithstanding some exceptions (e.g. fluvial and glacial), almost 
all siliciclastic environments have carbonate counterparts (Kennedy, 
1975). Carbonates have certain peculiarities that distinguish them 
from siliciclastics, and impact on production and preservation of 
biogenic structiues. Among these peculiarities, the role of early 
cementation (leading to ample development of firm and hard sub- 
strates), the influence of organisms on early diagenesis, the role of 
color contrast, and the heterogeneity in sediment composition and 
texture rank among the most important (Kennedy, 1975; Ekdale 
et al, 1984; Ciuran, 1994, 2007). Early cementation is widespread 



in carbonate substrates (e.g. Wilson, 1975). In fact, lithification can 
take place even before biurow abandonment by the producers, or 
after abandonment but before infill of the structines (Shinn, 1968; 
Kennedy, 1975). Early cementation is conducive to the establish- 
ment of hardgrounds, and is the driving force behind development 
of substrate-controlled ichnofacies and associated bioerosion (e.g. 
Bromley, 1967, 1975; Goldring and Ka&nierczak, 1974; Palmer, 
1978; Gruszczynski, 1979; Bottjer, 1985; Landing and Brett, 
1987; Mangano and Buatois, 1991; Bromley and Allouc, 1992) 
(Fig. ll.la-b). In turn, early diagenesis is influenced by burrowing 
activities, and diagenesis influences preservation of biogenic struc- 
tures (e.g. Mason, 1980; Archer, 1984; Narbonne, 1984; Fillion et al, 
1990). For example, diagenesis may lead to the formation of dolo- 
mite haloes surrounding burrow systems contributing to the forma- 
tion of mottling textures (e.g. Pak and Pemberton, 2003; Pemberton 
and Gingras, 2005) (Fig. 11.2a-b). Carbonate sediment Eh/pH is 
strongly affected by the activity of deposit and detritus feeders. For 
example, Taylor (1964) demonstrated that between 80 and 90% of 
carbonate sands at a study area in the Bahamas have passed through 
the digestive tract of echinoderms. Virtually every single chalk par- 
ticle is thought to have been ingested by organisms (Ekdale and 
Bromley, 1991). In addition, pellet production plays a major role in 
substrate consistency, sometimes reducing substrate stability (Pryor, 
1975; Ekdale et al, 1984). Several factors contribute to the somewhat 
decreased preservation potential of biogenic structures in carbonates. 
Although common in siliciclastics, contrasts between trace fossils 
and the host sediment are rare in carbonates, complicating visual- 
ization of ichnofossn forms (Curran, 1994, 2007). Furthermore, the 
degree of heterogeneity in composition and texture also impacts 
on preservation potential. Carbonates with high textural and com- 
positional contrasts tend to favor preservation of discrete biogenic 
structures (Archer, 1984; Maples and Archer, 1986). 
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Figure 11.1 Substrate-controlled 
ichnofaunas in carbonate rocks, 
(a) High density of firmground 
Rhizocorallium isp. Upper Jurassic, 
Rodiles Formation, El Puntal Cliffs, 
San Martin del Mar, Villaviciosa, 
Asturias, northern Spain. Lens 
cap is 5.5 cm. (b) Trypanites isp. 
and Gastrochaenolites isp. in a 
hardground. Contact between the 
Middle Jurassic Upper Inferior 
Oolite and underlying Carboniferous 
limestone. Nunney Quarry, 
Somerset, England. Scale bar is 1 
cm. See Bromley (1975). 




Figure 11.2 Thalassinoides-]ike hmrow 
systems in a mottled limestone. Upper 
Ordovician, Red River Formation of 
Manitoba, Canada. This limestone 
is known as Tyndall stone. Wall at 
the entrance to the Department of 
Geological Sciences of the University 
of Saskatchewan, (a) General view of 
branching burrow systems. Scale bar is 
10 cm. (b) Close-up showing branch- 
ing and dolomitic halo surrounding 
the burrow; only the darker inner core 
is the actual burrow. Scale bar is 1 cm. 
See Pak and Pemberton (2003). 



However, Pemberton and Jones (1988) indicated that differ- 
ences between carbonate and siliciclastic ichnology have been 
overstated. These authors pointed out that in many instances 
carbonate components are transported rather than produced in 
situ and, therefore, they are subjected to the same hydrodynamic 
principles as siliciclastics. This situation has been illustrated by 
Wu (1982), who documented colonization suites in carbonate 
tempestites. In the same vein, Pickerill et al. (1984) described 
a carbonate ichnofauna in which diagenetic processes, albeit 
important, did not mask the original environmental distribu- 
tion of trace fossils. 

Present knowledge of the ichnology of different carbonate 
environments is uneven, with most studies focused on shallow- 



marine tropical carbonates, reefs, and pelagic carbonates (i.e. 
chalk). A smaller proportion of studies have dealt with the ich- 
nology of carbonate turbidites. 

11.1.1 SHALLOW-MARINE TROPICAL CARBONATES 

Most ichnologic studies on shallow-marine tropical carbon- 
ates have been based on Pleistocene and recent examples in 
the carbonate factories of Florida, the Bahamas Archipelago, 
the Seychelles Islands, and the Persian Gulf (e.g. Shinn, 1968; 
Farrow, 1971; Braithwaite and Talbot, 1972; Pemberton and 
Jones, 1988; Curran, 1992, 1994, 2007). In particular, San 
Salvador Island in the Bahamas has been the focus of intense 
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Figure 11.3 Schematic reconstruc- 
tion of trace-fossil distribution in 
shallow-marine tropical carbonate 
environments. Coastal eolian-dune 
deposits contain CeUicalichnus 
(Ce), Coenobichnus (Co), Skolithos 
(Sk), and root traces (Rt). Sandy- 
beach deposits are dominated by 
Pj;7o«;cMius(ft).lntertidal-lagoonal 
deposits may exhibit Ophiomorpha 
(Op), fiddler crab burrows (Fc) and 
Upogebia burrows (Up). Shallow- 
subtidal calcarenites may contain 
Ophiomorpha (Op), Skolithos (Sk), 
Conichnus (Cn), and Planolites 
(PI). Deep-subtidal deposits host 
Fuersichnus (Fu), Helicodromites 
(He), Planolites (PI), Riiizocorallium 
(RH), Thalassinoides(Th), Teichichnus 
(Te), and Chondrites (Ch). 



scrutiny (e.g. Curran, 1984, 1992, 1994, 2007; Curran and 
White, 1991, 2001). These studies allow comparisons between 
Pleistocene and Holocene deposits and their modern analogues, 
and documented distribution of biogenic structures from coastal 
dunes to sandy beaches, and intertidal and shallow-subtidal 
environments (Fig. 11.3). As noted by Curran (2007), trop- 
ical carbonate environments are extremely rich in biodiversity. 
However, their ichnological record is of relatively low diversity, 
probably as a result of taphonomic overprints, such as domin- 
ation of burrows (Ophiomorpha) of deep-tier callianassids. 

Coastal-dune deposits in tropical settings consist of large- 
scale, planar cross-stratified calcarenite with multiple truncation 
surfaces (Carew and Mylroie, 2001). In the Bahamas, the dunal 
ichnocoenosis is the most diverse of all trace-fossil suites (Curran 
and White, 2001; Curran, 2007). Root traces (Fig. 1 1.4a) are the 
most abundant, and may lead to complete obliteration of the 
primary fabric in the case of vegetated dunes showing paleosol 
development. Animal traces are represented by many different 
arthropod structures, including cluster burrows attributed to 
sphecid wasps, stellate burrows (CeUicalichnus) of halictid bees 
(Fig. 11.4b), and vertical insect or spider burrows (Skolithos) 
(Fig. 1 1 .4c), as the most common structures. Land hermit crab 
trackways (Coenobichnus) are present also (Walker et al, 2003), 
together with burrows constructed by the land crab Gecarcinus 
lateralis (Seike and Curran, 2010). Terrestrial ichnofaunas from 
tropical carbonates illustrate the Celliforma ichnofacies dis- 
cussed by Genise et al. (2000, 2010a) and Melchor et al. (2002). 

Beach deposits typically consist of calcarenite with abundant 
shell fragments, with surfaces gently dipping landwards behind 
the berm. These deposits contain vertical J-, Y-, and U-shaped 
burrows assigned to Psilonichnus and constructed by ghost 



crabs, such as Ocypode quadrata (Frey et al., 1984a; Curran, 
1984, 1994, 2007). In contrast to siliciclastic settings, the ghost 
crab Ocypode quadrata typically does not inhabit dunes in the 
tropics, being restricted to the unvegetated beach backshore 
zone (Curran and White, 1991; Curran, 2007) (Fig. ll.Sa- b). 
Similar burrows have been documented not only in the back- 
shore calcarenite of the Bahamas Archipelago but also in 
Bermuda (Curran, 1994) and the Persian Gulf (Knaust, 1997). 
It has been suggested that some of these crustacean burrows 
may have been later modified by a hymenopteran which con- 
structed brooding chambers (Martin, 2006). Ichnofaunas from 
beach-backshore tropical carbonates represent the Psilonichnus 
ichnofacies (Curran, 1994, 2007). Towards the foreshore, high 
energy is detrimental to infaunal activity, and also reduces the 
preservation potential of biogenic structures. 

Intertidal lagoons under slightly hypersaline conditions and 
fringed landwards by mangroves are common in the Bahamas 
(Curran, 1994; Curran and Martin, 2003). Deposits mostly 
consist of carbonate sands and minor amounts of mud, form- 
ing extensive tidal flats that display a topography of mounds 
and craters produced by the callianassid shrimp Glypturus 
acanthochirus (Curran, 1994, 2007; Curran and Martin, 2003) 
(see Section 6.6). Glypturus acanthochirus burrows are deep, 
large, and complex, with a downward spiraling morphology. 
Microbial growth allows mound stabilization and coloniza- 
tion by the shrimp Upogebia vasquezi and the fiddler crab Uca 
major, which produce U-shaped, commonly paired, burrows 
(Fig. 1 1.6a) and simple obliquely vertical burrows (Fig. 1 1.6b) 
with a basal bulbous turnaround, respectively. Uca trackways 
are common also (Fig. 11.6b). Large amounts of pellets (fecal, 
feeding, and excavation) are typically produced (Curran, 1994, 
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Figure 11.4 Characteristic trace 
fossils of coastal-dune deposits in 
tropical settings, (a) High density 
of rhizomorphs (or rhizoliths). 
Pleistocene, Cockburn Town Mem- 
ber, Grotto Beach Formation of San 
Salvador Island, Bahamas. Scale 
bar is 20 cm. (b) Stellate burrows 
(Cellicalichnus) probably produced 
by halictid bees Holocene, Hanna 
Bay Member, Rice Bay Formation 
of San Salvador Island, Bahamas. 
Scale bar is 10 cm. (c) Vertical insect 
or arachnid burrows attributed 
to Skolithos (arrows). Holocene, 
Hanna Bay Member, Rice Bay 
Formation of San Salvador Island, 
Bahamas. Scale bar is 10 cm. See 
Curran and White (2001). 




Figure 11.5 Cast of modern Y- 
shaped burrows constructed by the 
ghost crab Ocypode quadrata in beach 
backshore deposits. These burrows 
would be assigned to Psilonichnus 
upsilon in the fossil record. Specimens 
housed at the Gerace Research 
Station of San Salvador Island, 
Bahamas. Scale bars are 10 cm. See 
Curran and White ( 1 99 1 ) and Curran 
(2007). 





11.1 Carbonate systems 



221 




Figure 11.6 Biogenic structures in 
a modern carbonate lagoon flanked 
by mangroves. Pigeon Creek, San 
Salvador Island, Bahamas, (a) 
U-shaped, paired burrows of the 
shrimp Upogebia vasquezi. Scale bar 
is 1 cm. (b) Opening of simple ver- 
tical burrows and associated track- 
way of the fiddler crab Uca major 
Scale bar is 2 cm. (c) Concentration 
of Uca major feeding pellets. Scale 
bar is 1 cm. (d) Grazing trails of 
batillarid gastropods that in the 
fossil record would be assigned to 
the ichnogenus Archaeonassa. Scale 
bar is 2 cm. See Curran and Martin 
(2003). 



2007; Curran and Martin, 2003) (Fig. 11.6c). During low tide, 
batillarid gastropods produce grazing trails in mangrove areas 
(Fig. 11. fid). Similar lagoonal ichnofaunas have been docu- 
mented in the Seychelles (Farrow, 1971) and Belize (D worschak 
and Ott, 1993). Large spiraling callianassid burrows occur in 
the Seychelles. In Belize, the mounded topography occurs in 
intertidal channels and subtidal zones of the lagoon, and is 
also the result of Glypturus acanthochirus . Mangrove chan- 
nels include U- and Y-shaped vertical burrows of the shrimps 
Alpheus floridanus and A. heterochaelis. Burrows of the shrimp 
Neocallichirus grandimana occupy shallow tiers in intertidal 
zones. Other structures in Belize lagoonal deposits are J- and 
U-shaped burrows of Corallianassa longiventris and simple 
burrows of Axiopsis serratifrons. 

In the fossil record, a common ichnotaxon in calcaren- 
ites of subtidal, higher energy settings is Conichnus coni- 
cus (Pemberton and Jones, 1988; Curran, 1994; Curran 
and White, 1997). This ichnotaxon is commonly present in 
planar cross-bedded calcarenites formed in back-reef and 
shallow-subtidal shoaling bar and tidal-channel settings. 
Conichnus conicus has often been attributed to the upward 
escape-burrowing activity of sea anemones, although other 
possibilities exist and should be considered (Curran and 
White, 1997; Buck and Goldring, 2003). Fossil burrows of 
Upogebia vasquezi also occur in Pleistocene lagoonal-mar- 
gin deposits of the Bahamas (Curran and Martin, 2003). 
Extensive Thalassinoides systems can also be common, as 
described by Monaco and Giannetti (2002) from the Jurassic 
of the Southern Alps, Italy. Although Pleistocene lagoonal 
ichnofaunas are of low diversity, those in lagoonal calcaren- 
ites of Grand Cayman Island are more diverse, including 



Bergaueria, Ophiomorpha, and Skolithos, among other ichno- 
genera, illustrating the Skolithos ichnofacies (Pemberton and 
Jones, 1988; Jones and Pemberton, 1989). Jurassic lagoonal 
lithographic limestones of the Cerin fossil site (France) 
show a more complex pattern of trace-fossil distribution, in 
which unburrowed intervals alternate with beds containing 
polychaete (Tubularina lithographica) and crustacean bur- 
rows (Rhizocorallium irregulare and Thalassinoides suevicus) 
(Gaillard et al., 1994). Also, a relatively diverse ichnofauna 
containing Polarichnus, Palaeophycus, Skolithos, Bergaueria, 
and Helicodromites, among other forms, was documented in 
Silurian intertidal deposits (Narbonne, 1984). 

Open-marine shallow-subtidal carbonates in tropical environ- 
ments host an incredibly diverse array of planktonic, nektonic, 
and benthic organisms. However, the preservation potential of 
the traces of many of these organisms is low. In fact, the ich- 
nological record of Bahamian Pleistocene subtidal calcarenites 
is one of rather low diversity, with a clear bias towards deep- 
infaunal vertical burrows, such as Ophiomorpha (Fig. 11.7a--b) 
and, more rarely, Skolithos, representing the Skolithos ichno- 
facies (Curran, 1992, 1994, 2007). Similar ichnofaunas occur 
in high-energy shoals where Ophiomorpha and Diplocraterion 
dominate (Fiirsich, 1998). In areas of relatively low energy 
during fair-weather times, but sporadically affected by storms, 
two contrasting suites occur as in the case of storm-influenced 
siliciclastic settings (see Section 7.1). Ophiomorpha is common 
in tempestites, while Thalassinoides, Zoophycos, and Planolites 
predominate in background deposits (Fiirsich, 1998). 

Under lower-energy conditions, such as those in distal carbon- 
ate ramps and platforms, more diverse suites dominated by hori- 
zontal trace fossils may be preserved, including Thalassinoides, 
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Figure 11.7 Ophiomorpha nodosa in carbonate sandy patches formed between reef areas. Pleistocene, Cockburn Town Member, Grotto Beach Formation 
of San Salvador Island, Bahamas, (a) General view. Pencil (lower center) is 16 cm. (b) Close-up showing dense mazes of Ophiomorpha nodosa. Lens cap 
is 5.5 cm. See Curran (1994, 2007). 




Figure 11.8 Bioerosion by sea urchin in beachrock, French Bay, San 
Salvador Island, Bahamas. Scale bar is 2 cm. 



Rhizocorallium, Fuersichnus, Protovirgularia, Fdelicodromites, 
Palaeophycus, Teichichnus, Cruziana, and Chondrites, among 
other ichnogenera (e.g. Narbonne, 1984; Maples and Archer, 
1986; Fraaye and Werver, 1990; Fiirsich, 1998). Thalassinoides is 
a eommon elite trace fossil in subtidal carbonates (e.g. Mangano 
and Buatois, 1994). These low-energy settings are represented 
by the Cruziana ichnofacies. Chondrites and, to a lesser extent, 
Planolites and Thalassinoides, are common in marly-limestone 
rhythmites formed under low-energy, dysaerobic conditions 
(e.g. Oloriz and Rodriguez-Tovar, 1999a). 

Bioerosion is also important in shallow-marine carbonate 
settings. In particular, beachrock, which typically occurs dis- 
continuously in the intertidal zone (Ginsburg, 1953), provides 
a substrate for many bioeroding organisms. These include sea 
urchins (Fig. 11.8), clionid sponges, polychaetes, bivalves, and 
sipunculans, among other organisms (e.g. Moran and Reaka, 
1988; Stearley and Ekdale, 1989). Beachrock bioeroders may be 
highly variable depending on the complexity of the intertidal 



area (Stearley and Ekdale, 1989). On gently dipping regular 
surfaces, endolithic populations tend to be of higher density 
and lower diversity than those in more stepped and complex 
beachrock, comprising a network of pools and channels. In 
addition, cavities produced by bioeroders provide a shelter for 
a sessile and motile cryptic fauna that protect themselves from 
predation and physical stress (Moran and Reaka, 1988). 



11.1.2 REEFS 

Reefs are one of the most appropriate ecosystems for the estab- 
lishment of bioeroding organisms (Warme, 1977; Bromley, 1978; 
Perry and Hepburn, 2008). Bioeroders play two main roles in 
reefs: (1) they effectively weaken the substrate, making it more 
susceptible to weathering and erosion, and (2) they may produce 
large amounts of sediment as a by-product (Perry and Hepburn, 
2008). Sponges (e.g. Cliona) are typically the most important 
infaunal bioeroders, substantially contributing to substrate deg- 
radation. Sponges produce dense networks of inter-connected 
chambers up to several centimeters deep, included in the ich- 
nogenus Entobia (Bromley and D’ Alessandro, 1990). Bivalves, 
although producers of single discrete boreholes (ichnogenus 
Gastrochaenolites), are also effective agents of bioerosion in 
reefs (Perry and Hepburn, 2008). Boring polychaetes, producers 
of the ichnogenus Trypanites among other ichnotaxa, are small 
and, in comparison with sponges and bivalves, do not extract 
significant amounts of CaCOj (Perry and Hepburn, 2008). 
However, they may modify the substrate, facilitating bioerosion 
by other agents (Perry and Hepburn, 2008) and, in some cases, 
they have been documented to contribute significantly to bioero- 
sion (Hein and Risk, 1975; Klein et ah, 1991). Other common 
bioeroders, albeit volumetrically of less impact, are chitons, 
cirripedians, and gastropods. Also, because coral reefs are liv- 
ing substrates, they are ideal for bioclaustration structures (see 
Section 1.4.14). Examples of these include cirripedian, bivalve, 
gastropod, and polychaete borings (Ekdale et ai, 1984). 
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Earlier studies in Bermuda did not detect bathymetric zona- 
tions of bioerosion structures in modern reefs (Bromley, 1978). 
However, subsequent work in the Mediterranean Sea demon- 
strated that shallow-water coral reefs display a higher diver- 
sity of borings than their deep-water equivalents, although 
no changes in abundance were detected (Bromley and 
D’Alessandro, 1990). Some differences in boring distribution 
occur at ichnospecific level. For example, Entobia paradoxica 
is abundant only in deep reefs, while E. volti and E. gigantea 
are restricted to coastal environments. 

Although most bioerosion studies on reefs have been under- 
taken in modern environments, there are a few detailed analyses 
dealing with fossil material. James et al. (1977) documented the 
ichnogenus Trypanites in Lower Cambrian archaeocyatid reefs. 
Bertling (1997) identified 24 ichnospecies in a Jurassic reef This 
highly diverse ichnofauna includes sponge (Entobia), polychaete 
(Caulostrepsis, Maeandropolydora), bivalve (Gastrochaenolites), 
phoronid (Talpina), and cirripedian (Rogerella) borings, among 
other ichnogenera. Sedimentation rate is a major limiting fac- 
tor. Low sedimentation rates promote intense bioerosion on 
dead coral, mostly by siphunculids, polychaetes, and lithophagi- 
ans. With high rates of sedimentation bioerosion is less intense 
and bivalves become the dominant forms, mostly in living coral 
(Bertling, 1997). Perry (2000) documented boring distribution in 
a Pleistocene fringing reef complex in Jamaica. This fossil reef 
contains Entobia, Gastrochaenolites, Maeandropolydora, and 
Trypanites. Diverse assemblages of borers, dominated by sponges 
and polychaetes, with bivalves being locally important, occur in 
back-reef/lagoon facies. Shallow fore-reef facies are dominated 
by borings produced by sponges, with polychaete borings being 
locally important and bivalve borings rare or absent. 

11.1.3 SHELF AND DEEP-SEA CHALK 

The term “chalk” refers to pelagic sediment mostly consisting 
of calcareous nanoplankton (Scholle et ah, 1983). Arguably, 
most ichnological studies in carbonates have focused on chalk 
(e.g. Bromley, 1967; Frey, 1970, 1972; Frey and Bromley, 1985; 
Bromley and Ekdale, 1984a, 1986; Ekdale and Bromley, 1984a, 



1991). In addition, chalk deposits represent the birthplace of a 
number of ichnological concepts, such as tiering, ichnofabrics, 
and ichnoguilds (see Chapter 5). In chalk deposits observations 
are usually performed in cross-section due to the absence of 
available bedding planes. In addition, a number of techniques are 
used in order to visualize biogenic structures in cores (Bromley 
and Ekdale, 1984a). The combination of very slow rates of sedi- 
mentation and fully marine conditions leads to complete bio- 
genic reworking of chalk deposits (Ekdale and Bromley, 1991). 

Two main types of chalk deposits can be distinguished, shelf 
and deep-sea chalk. Shelf chalk forms between water depths 
of 50 and 300 m, while deep-sea chalk occurs at much greater 
depths, up to thousands of meters (Scholle et al., 1983). Both 
are similar in terms of texture and composition because they 
share the same pelagic components regardless of water depth. 
However, minority components show some differences. Shelf 
chalk commonly contains fine detrital particles (e.g. quartz, 
feldspar), while those formed below the carbonate compensa- 
tion depth (CCD) contain siliceous organisms, such as diatoms 
and radiolarians. In any case, the most significant controls on 
the infauna are linked to post-depositional processes (e.g. early 
cementation and erosion by currents; Ekdale and Bromley, 
1984). In general, deep-sea chalk is compositionally and textur- 
ally more homogeneous. 

Shelf-chalk ichnofaunas have been documented in Upper 
Cretaceous outcrops of Europe (England, Denmark) and 
United States (Alabama, Kansas) (Bromley, 1967; Kennedy, 
1967, 1970, 1975; Frey, 1970, 1972; Frey and Bromley, 1985; 
Bromley and Ekdale, 1984a; Ekdale and Bromley, 1984, 1991) 
(Box 5.2). Crustacean burrow systems, such as Thalassinoides 
(Fig. 11.9), are dominant in shelf chalk (Ekdale and Bromley, 
1984). Preferential preservation of these systems results from 
differential cementation or silicification of burrow fills, com- 
monly accompanied by changes in colors, leading to the forma- 
tion of elite trace fossils (Bromley and Ekdale, 1984a; Bromley, 
1990, 1996) (see Section 5.2.2). Extensive development of omis- 
sion surfaces and hardgrounds is conducive to the establishment 
of pre-omission, omission, and post-omission suites, which 
may be delineated based on the morphology and architecture 




Figure 11.9 Trace fossils from chalk. Deep-tier Thalassinoides isp. and Chondrites isp. Upper Cretaceous, Austin Chalk, east of Austin, central Texas, United 
States. Scale bar is 1 cm. 
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Figure 11.10 Trace fossils preserved 
at the base of carbonate turbidites. 
Eocene, Punta Carnero Formation, 
Margarita Island, Venezuela, (a) 
Desmograpton isp. (b) Megagrapton 
suhmontanum. (c) Scolicia strozzi. 
Scale bars are 1 cm. 



of the associated Thalassinoides systems. Pre-omission burrows 
are commonly ideomorphic (e.g. T. suevicus). With progressive 
cementation and formation of calcareous nodules (omission and 
post-omission suites), burrows of irregular architecture having 
abundant constrictions (e.g. T. paradoxicus) tend to dominate 
(Bromley, 1967; Kennedy and Garrison, 1974). Other crustacean 
structures, such as Ophiomorpha and Gyrolithes, may occur as 
subordinate components (Bromley and Ekdale, 1984a). Feeding 
trace fossils (e.g. Chondrites, Zoophycos, Planolites, Teichichnus) 
are relatively common, but are less conspicuous because they 
are not usually affected by differential cementation (Bromley 
and Ekdale, 1984a). Another typical structure is the large bur- 
row Bathichnus paramoudrae, which has been linked to rapid 
sedimentation (Nygaard, 1983). Bioerosion is commonly both 
in hardground surfaces and invertebrate shells (e.g. Bromley, 
1970, 1979). 

Deep-sea chalks are known almost exclusively by 
the study of deep-sea cores from the southwest Pacific, 
Mediterranean, Caribbean, and Philippine seas, as part 
of the Deep-Sea Drilling Project (e.g. Ekdale, 1977, 1978, 
1980). The age of these deposits ranges from late Mesozoic 
to Holocene (Scholle et al., 1983). Feeding trace fossils, 
such as Planolites, Zoophycos, and Chondrites, are dom- 
inant (Ekdale and Bromley, 1984a). Other differences with 
respect to their shallow counterparts are the absence of 
crustacean burrows and substrate-controlled suites, as well 
as the lower ichnodiversity. However, the latter feature may 
simply reflect the small width of cores (Ekdale and Bromley, 
1984a). 



11.1.4 CARBONATE TURBIDITES 

The ichnology of carbonate turbidites is poorly understood 
and only a few studies have been undertaken. Eocene carbon- 
ate turbidites from Margarita Island (Venezuela) contain a 
moderately diverse ichnofauna dominated by graphoglyptids, 
such as Paleodictyon, Helminthorhaphe, Desmograpton (Fig. 
11.10a), Megagrapton (Fig. 11.10b), Protopaleodictyon, and 
Urohelminthoida (Muiioz, 1986; Munoz et al, 1997). Other ele- 
ments include Scolicia (Fig. 11.10c) and Thalassinoides. In con- 
trast to siliciclastic turbidites of similar age, ichnodiversity and 
abundance seem to be lower. Jurassic carbonate turbidites of 
Morocco also contain graphoglyptids {Paleodictyon), but feed- 
ing structures, such as Teichichnus, Zoophycos, and Chondrites, 
are dominant (Ekdale and Warme, 1975). In addition, studies in 
Cretaceous-Paleocene carbonate turbidites in Italy suggest that 
diagenetic processes may favor preservation of full-relief struc- 
tures, in comparison with the typical semirelief preservation which 
is dominant in siliciclastic turbidites (Powichrowski, 1989). 

11.2 ROCKY SHORELINES 



Rocky shorelines are extensive in modern environments (one 
third of the world’s present coastlines), but have not been rec- 
ognized in the fossil record to the same degree (Johnson, 1988, 
2006). Bioerosion is extremely common in rocky shorelines, 
particularly in those formed by limestone (Fig. ll.lla-c) 
and represented by the Trypanites ichnofacies, the arche- 
typal association in these settings. Although other substrates 
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Figure 11.11 Trace fossils in rocky 
shorelines (a) Entohia cracoviensis. 
A large chambered sponge boring 
formed in a Late Cretaceous abra- 
sion platformcutintoUpperJurassic 
limestone. Upper Cretaceous, 
Bonarka Quarry, Cracow, Poland. 
See Bromley et al (2009a). Scale 
bar is 5 cm. (b) Trypanites isp. (Tr) 
and Gastrochaenolites isp. (Ga) 
in a rocky shoreline formed dur- 
ing a Middle Miocene transgres- 
sion. Borings are emplaced in an 
Upper Jurassic limestone. Skotniki 
Quarry, Holy Cross Mountains, 
Poland. Scale bar is 1 cm. (c) Cliff 
conglomerate clast containing 
deep borings of Gastrochaenolites 
isp. Middle Miocene, Skotniki 
Quarry, Holy Cross Mountains, 
Poland. See Radwahski (1969). 
(d) General view of Cretaceous 
shoreface sandstone (Quiriquina 
Formation) overlying the Upper 
Paleozoic metamorphic basement. 
Cocholgue, Chile. See Buatois and 
Encinas (2011). (e) Detailed view 
of the contact showing several 
specimens of Gastrochaenolites isp. 
penetrating the metamorphic base- 
ment. Pen is 16 cm. See Buatois 
and Encinas (2011). (f) Close-up of 
Gastrochaenolites isp. Pen is 16 cm. 
See Buatois and Encinas (2011). 



Box 11.1 Ichnology of a Pliocene rocky shoreline in Rhodes, Greece 

Pliocene rocky coasts of the Island of Rhodes have been closely scrutinized to elucidate patterns of distribution of bioerosion struc- 
tures. A wide variety of habitats were identified along a transgressed rocky shoreline, including cliff-foot platforms, steep surfaces 
along cliff-lines, caves, and overhangs. Thirty one ichnospecies were recognized, belonging to the ichnotaxa Caulostrepsis, Entobia, 
Gastrochaenolites, Gnathichnus, Oichnus, Radulichnus, Rogerella, and Trypanites, among others. These borings can be ascribed to 
living tracemakers with different degrees of confidence. The bivalves Lithophaga lithophaga, Jouannetia semicaudata, Gastrochaena 
dubia, and Petricola lapicida are producers of different ichnospecies of Gastrochaenolites. The endolithic sponge Aka sp. and several 
species of clionid sponges are producers of different Entobia ichnospecies. Six ichnoguilds were recognized. Ichnoguild I is the most 
superficial and consists of the rasping traces Radulichnus and Gnathichnus, produced mechanically by algae-browsing mollusks and 
echinoderms. Ichnoguild II occurs immediately below ichnoguild I, and includes Centrichnus and Renichnus, produced by sessile 
mollusks etching the surface of the substrate chemically. Ichnoguild III is represented by shallow-tier suspension-feeder sponge bor- 
ings illustrated by several Entobia ichnospecies. Ichnoguild IV consists of worm borings included in Trypanites, Caulostrepsis, and 
Maeandropolydora, which record various feeding strategies. Ichnoguild V records the activity of borer bivalves, and is represented by 
Gastrochaenolites and Phrixichnus. Finally, Ichnoguild VI is illustrated by the predator boring Oichnus. Two main associations are 
identified. The Entobia association occurs in the cliff surface, and records the activity of the deeper tiers. The Gnathichnus association 
is present on the surface of rapidly buried shell material, allowing for the preservation of very shallow-tier rasping borings. 

Reference: Bromley and Asgaard (1993b). 



may be bioeroded, diversity and abundance of structures is 
typically lower (Fig. ll.lld-l}. Bathymetric gradients from 
supratidal to subtidal settings are commonly displayed by 
modern bioeroders (Lewis, 1964; Stearley and Ekdale, 1989), 



and similar trends have been found in the fossil record (e.g. 
Bromley and Asgaard (1993b) (Box 11.1). 

The inclination of the rock surface plays a role in control- 
ling colonization by borers (Johnson, 2006). Time-averaged 
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Box 11.2 Volcanic eruption, bioturbation, and ash-layer preservation in the South China Sea 

Excellent ichnological work was done following the eruption of Mount Pinatubo (Philippines) in 1991. The volcanic ash 
produced during this eruption was transported westward to the South China Sea, strongly affecting the deep-sea fauna. The 
resultant ash layer is up to 10 cm thick, and covers an area of more than 400 000 km^. Because volcanic ash is barren of 
organic matter, benthic food availability was restricted to newly produced organic floes. In addition, deposition of ash layers, 
at least 3 cm thick, diminished the oxygen diffusion into the sediment below, leading to anoxia in the interstitial waters. Also, 
as ash consists of angular to subrounded grains exhibiting a granular behavior different from that of mud, unlined burrows 
tend to collapse. As a result, organisms exhibited a number of adaptations. While surface grazers disappeared, deep burrow- 
ers reopened their connection to the sea floor and were able to survive. Bioturbators interacted with the ash layer in three 
main ways. Some were able to dig through the ash layer, producing significant mixing. In other cases, animals reworked the 
ash layer from below, as illustrated by the echinoid tracemaker of Scolicia, which can completely mix layers up to 6 cm thick. 
Finally, other organisms mixed the layer from above. The preservation of the ash layer is highly variable across the South 
China Sea. In general, ash deposits thinner than 1 mm have not been observed as a continuous layer, while an approximately 
2 mm layer is patchily bioturbated. In addition, a number of factors control preservation, and allow four main provinces 
to be distinguished; (1) In areas of high primary production along the Philippines margin, mixing of the layer is intense 
because the benthic fauna is adapted to variable grain sizes and rapid deposition. (2) In areas affected by turbidity currents 
and hyperpycnal flows typical of canyons in front of river margins, rapid deposition allows preservation of the ash layer. (3) 
In areas with low amounts of benthic food, the ash is preserved due to limited mixing. (4) In the central part of the South 
China Sea, the ash is thinner than 3 cm and the benthic food content is high, resulting in less preservation potential for the 
ash layer. This work opens new perspectives to understand how benthic organisms respond to catastrophic events in basins 
affected by explosive volcanism. 

Reference: Wetzel (2009). 



communities seem to be more common in low-angle to horizon- 
tal surfaces. High topographic relief areas tend to contain more 
rapidly emplaced suites that form during a short span coeval 
with rising sea level. As a result, boring overlap is less common 
on vertical to high-angle rock surfaces than in horizontal ones. 
Some rocky shorelines are exposed to wave action, while oth- 
ers occur in more protected areas (Johnson, 2006; Johnstone 
et al, 2006). Open rocky shorelines exposed to wave action may 
be extensively bioeroded, containing dense concentrations of 
organisms that bore or nestle to shelter from waves (Johnson, 
2006). Sediments associated with storm-swept rocky shoreline 
ichnofaunas tend to be sparsely bioturbated and contain typi- 
cal ichnotaxa of high-energy settings, such as Macaronichnus, 
Ophiomorpha, and Skolithos, illustrating a Skolithos ichno- 
facies (Johnstone et al., 2006). However, continuous deepen- 
ing during transgression leads to replacement by elements of 
the Cruziana ichnofacies (e.g. Asterosoma, Chondrites), sign- 
aling a change to lower-energy conditions. Overall bioturba- 
tion is sparse in sediments associated with storm-swept rocky 
shorelines. Rocky shorelines formed in protected environments 
may enclose sediments which are slightly more bioturbated 
than their storm-swept equivalents, but ichnodiversity remains 
very low and suites are dominated by opportunistic ichnotaxa 
{Ophiomorpha, Palaeophycus). With transgression, sheltered 
shorelines become more exposed to open-ocean storms and 
fair-weather waves, and ichnodiversity remains significantly 
low. The degree of bioturbation decreases as a result of higher- 
energy conditions. 



11.3 VOLCANIC TERRANES 



Present knowledge on the ichnology of volcanic terranes is 
patchy at best. The absence of studies most likely results from 
the common scarcity of trace fossils in environments strongly 
affected by volcanism, particularly in proximal zones of vol- 
canic arcs (Crimes, 1970b), and the lower number of paleo- 
environmental analyses dealing with volcaniclastic successions 
in comparison with siliciclastic and carbonate rocks. However, 
modern studies in marine basins affected by volcanism are pro- 
viding valuable data for better understanding of benthic fauna 
response to volcanic eruptions (Wetzel, 2009) (Box 1 1 .2). 

A number of ichnological studies were focused on Ordovician 
volcanic-arc related rocks of Argentina (Mangano et al., 1996c; 
Mangano and Buatois, 1996, 1997). Although trace fossils are 
relatively uncommon, dense assemblages occur locally, sug- 
gesting short-term colonization windows during pauses in 
volcaniclastic sedimentation (Fig. 11.12a). Slope apron succes- 
sions include Planolites montanus, Palaeophycus tubularis, and 
Helminthopsis abeli in overbank deposits adjacent to a subma- 
rine channel. Shallow-marine successions include Cruziana fur- 
cifera, Helminthopsis isp., Palaeophycus tubularis, Phycodes isp., 
and Planolites beverleyensis in tempestites. Low-ichnodiversity 
levels probably result from overall environmental instability in 
volcanic-arc related settings. A large supply of volcaniclastic 
material in high-gradient areas promotes frequent sediment 
gravity flows that inhibit the establishment of a diverse resi- 
dent fauna. These deposits may locally contain burrows that 
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Figure 11.12 Trace fossils in volcaniclastic-flow deposits, (a) Cruziana furcifera cross-cut by Phycodes isp. preserved at the base of a shallow-marine vol- 
caniclastic sandstone. Lower Ordovician, Loma del Kilometre Member, Suri Formation, Punta Petrea, Chaschuil, northwest Argentina. See Mangano 
et al. (1996c). (b) Deep Rosselia socialis penetrating from a colonization surface at the top of a shallow-marine volcaniclastic sandstone. Upper 
Permian, Kiama Sandstone Member, Broughton Formation, Pheasant Point, southern Sydney Basin, eastern Australia. Lens cover is 5.5 cm. See Shi 
and Weldon (2002). 



penetrate from the top of the event layer reflecting opportunis- 
tic colonization (Fig. 1 1 .12b). 

Silurian carbonate turbidites emplaced in a slope apron 
adjacent to a volcanic arc contain trace-fossil assemblages 
that are similar in both overall features and taxonomic com- 
position (Soja, 1991). This ichnofauna contains a few poorly 
specialized ichnotaxa {Palaeophycus, Planolites, Chondrites). 
Recurrent local catastrophes were regarded as the most import- 
ant limiting factor affecting the benthic fauna. Similarly, 
Cretaceous deep-marine deposits of Turkey, rich in volcani- 
clastic grains make of sharp-edged glass shards, contain an 



unusually low diversity ichnofauna (Uchman et al., 2004a). 
It has been argued that those materials were unsuitable for 
the development of a bacterial film that is essential for the 
infaunal food chain, and that hydrochemical conditions and 
the release of poisonous substances due to active volcanism 
were detrimental to benthic life (Uchman et al., 2004a). On 
the other hand, Cretaceous volcaniclastic shallow-marine 
deposits in Antarctica emplaced in a most distal position with 
respect to the volcanic arc contain more diverse suites that 
resemble those from similar environments in siliciclastic set- 
tings (Scasso et al., 1991). 



Part III A matter of time 





12 Trace fossils in sequence stratigraphy 



For my part, following out Lyell’s metaphor, I look at the natural geological record, as a history of a world imperfectly kept, and 
written in a changing dialect; of this history we possess the last volume alone, relating only to two or three countries. Of this volume, 
only here and there a short chapter has been preserved; and of each page, only here and there a few lines. 

Charles Darwin 
On the Origin of Species (1859) 

Trace fossils are proving to be one of the most important groups of fossils in delineating stratigraphically important boundaries 
related to sequence stratigraphy. 

George Pemberton and James MacEachern 
“The sequence stratigraphic significance of trace fossils: examples 
from the Cretaceous Foreland Basin of Alberta, Canada” (1995) 



The appearance of sequence stratigraphy in the late eighties 
resulted in a revolution in the study of sedimentary rocks. The 
shift from seismic stratigraphy (Vail et ai, 1977) to sequence 
stratigraphy brought the incorporation of outcrops and cores 
as sources of data in stratigraphic analysis (Posamentier et ai, 
1988; Posamentier and Vail, 1988; Van Wagoner et ai, 1990). 
Coincident with this shift, ichnological studies began to empha- 
size the importance of trace fossils in sequence stratigraphy 
(e.g. Savrda, 1991b; MacEachern et ah, 1992; Pemberton et al., 
1992b). In little more than a decade, the field experienced a 
rapid increase in the number of studies devoted to exploring 
the applicability of ichnology in refining sequence-stratigraphic 
analysis (e.g. MacEachern et al., 1992, 1999a, 2007c; Savrda 
et ai, 1993; Taylor and Gawthorpe, 1993; Pemberton and 
MacEachern, 1995; Ghibaudo et al., 1996; Martin and Pollard, 
1996; Buatois et al., 1998d, 2002b; Pemberton et al., 2001, 
2004; Carmona et ah, 2006). At present, ichnological aspects 
are currently covered in sequence-stratigraphic textbooks 
(e.g. Catuneanu, 2006). The aim of this chapter is to provide 
a detailed review of the applications of ichnology in sequence 
stratigraphy. Although a large part of this chapter deals with 
the recognition of discontinuity surfaces in marine siliciclastic 
successions, we will also cover other topics which are commonly 
overlooked in the literature. These include characterization of 
parasequences, parasequence sets, and systems tracts, but also 
the potential of trace fossils to address sequence-stratigraphic 
issues in carbonates and continental deposits. 

12.1 RECOGNITION OF DISCONTINUITY SURFACES 



Recognition of discontinuity surfaces is key to sequence stra- 
tigraphy (e.g. Posamentier and Allen, 1993; Catuneanu, 2006), 
and trace fossils have proven to be particularly useful in this 
respect (MacEachern et al., 1992; Pemberton et al., 2001, 



2004). Identification of these stratal surfaces highlights allo- 
genic processes, which are external to the depositional system, 
as opposite to autogenic processes, which are internal to the 
depositional system and lead to the accumulation of environ- 
mentally related facies successions. By identifying trace-fossil 
suites in hard, firm, and xylic substrates of siliciclastic succes- 
sions, allostratigraphic surfaces can be identified. The recogni- 
tion of substrate-controlled ichnofacies, such as Glossifungites, 
Trypanites, and Teredolites, is critical in identifying stratigraphic 
discontinuities. 

Of the above three ichnofacies, the Glossifungites ichnofacies has 
been the most intensively used in sequence stratigraphy (Fig. 12.1). 
The Glossifungites ichnofacies develops in firm (but unlithified) 
substrates. In siliciclastic sediments, dehydration is the result of 
burial and substrates become available for colonization by organ- 
isms if exhumed by subsequent erosion (MacEachern et al, 1992) 
(Fig. 12.2a-b). For carbonates, occurrence of the Glossifungites 
ichnofacies is not necessarily indicative of erosive exhumation 
because early diagenetic processes may take place at the water- 
sediment interface (e.g. Bromley, 1975; Mangano and Buatois, 1991). 

The elements of substrate-controlled ichnofacies typically cut 
across a pre-existing softground suite (Fig. 12.2c). Therefore, 
they reflect new conditions which commonly do not coincide 
with those controlling early deposition. Thus, the substrate- 
controlled association develops during a hiatus between the ero- 
sive event (which exhumed the substrate) and the deposition of 
the overlying unit. During such periods of time, the dehydrated 
and/or cemented bed is colonized by organisms (MacEachern 
et al, 1992). The Glossifungites ichnofacies is generally easy 
to identify in cores, and is preserved in lithological interfaces 
(typically mudstone overlain by sandstone or conglomerate). In 
these cases, sharply defined, unlined wall burrows occur in fine- 
grained sediments and are passively filled by coarser material 
from the overlying bed. However, the Glossifungites ichnofacies 
may also occur in sandstone (e.g. Pemberton et ah, 2004). 
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Formation of the GlossifungUes ichnofacies 





Colonization during 
depositional hiatus 



Deposition and 
passive fill 



1 2 

Burial Erosional exhumation 



Figure 12.1 Origin of the Glossi- 
fungites ichnofacies. Modified from 
MacEachern et al. (1992). 




Figure 12.2 Formation of the 
Glossifungites ichnofacies in ero- 
sional discontinuities, Holocene, 
Willapa Bay, Washington, United 
States, (a) General view of trans- 
gressive-lag deposits overlying inter- 
tidal-channel deposits with inclined 
heterolithic stratification (note sur- 
faces gently dipping towards the 
right). Thalassinoides penetrates into 
the heterolithic deposits from the ero- 
sive surface. Pen (lower right) is 1 6 cm. 

(b) Close-up showing firmground 
Thalassinoides passively filled with 
shell fragments from the overlying 
transgressive lag. Lens cap is 5.5 cm. 

(c) Firmground burrows overprinted 
to a poorly defined softground back- 
ground trace-fossil suite. Lens cap is 
5.5 cm. See Gingras et al. (2001) for 
additional information. 
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Figure 12.3 Sequence-stratigraphic significance of the Glossifungites ichnofacies and associated softground ichnofacies. LST = lowstand systems tract, TST 
= transgressive systems tract, HST = highstand systems tract, SB = sequence boundary, FS/SB = flooding surface/sequence boundary, TS = transgressive sur- 
face, DS = drowning surface, BS = bayline surface, MFS = maximum flooding surface, 5fc-IF = Skolithos ichnofacies, O-IF = Cruziana ichnofacies, iCrISk-lF 
= mixed impoverished Cruziana! Skolithos ichnofacies, Zo-IF = Zoophycos ichnofacies, 7Ve-IF = Nereites ichnofacies, G/-IF = Glossifungites ichnofacies, Gil 
Tr-\¥ = Glossifungites or Trypanites ichnofacies, 5c-IF = Scoyenia ichnofacies, Co/Ce/Te-IF = Coprinisphaera, Cellifornm, or Termitichnus ichnofacies. 



Whereas identifying substrate-controlled ichnofacies results 
in the recognition of an erosional discontinuity, an accurate 
interpretation of such surfaces requires the detailed analysis 
of the soft substrate trace-fossil assemblages occurring in the 
underlying and overlying units (Fig. 12.3) (MacEachern et al., 
1992; Pemberton et al., 2004). Recognition of vertical changes 
in softground ichnofaunas allows interpretation of the type or 
types of sea-level fluctuations involved. Stratigraphic discon- 
tinuities can be divided into two major groups, erosional and 
non-erosional discontinuities. Most ichnological studies on 
sequence stratigraphy focus on the former group. 

12.2 EROSIONAL DISCONTINUITIES 



There are several available schemes for subdividing sedimentary 
packages into systems tracts and placing the sequence bound- 
ary (see Catuneanu, 2006). Here, we adopt a model that con- 
siders four systems tracts (lowstand, transgressive, highstand, 
and falling stage) and places the sequence boundary at the base 
of the lowstand systems tract (Flint and Nummedal, 2000). 
Erosional discontinuities are subdivided into regressive surfaces 
of marine erosion, lowstand surfaces of erosion, transgressive 
surfaces of erosion, and co-planar surfaces of lowstand erosion 



and transgressive erosion, also known as flooding surfaces/ 
sequence boundaries or FS/SB (Pemberton et al., 1992b; 2004; 
MacEachern et al, 1992). 

12.2.1 REGRESSIVE SUREACES OE MARINE EROSION 

The regressive surface of marine erosion is formed due to wave 
scouring during relative sea-level fall associated with forced 
regression (Flint and Nummedal, 2000). Forced regressions 
represent the rapid seaward migration of shoreline and near- 
shore deposits in response to a relative sea-level fall (Flint, 1988; 
Posamentier et ah, 1992). Forced-regression strata are included 
in the falling stage systems tract (Flint and Nummedal, 2000). 
While normal regressions are generally characterized by a grad- 
ual progradation of the shoreline during stillstands or high- 
stands (Fig. 12.4a), forced regressions are abrupt and triggered 
by a drop in sea-level (Fig. 12.4b). In contrast to shorefaces 
formed during normal regressions, those incised during the fall- 
ing stage are fairly thin due to diminished accommodation space 
during sea-level fall (MacEachern et al., 1999a). Shoreface pro- 
gradation during forced regression occurs irrespective of sedi- 
ment supply (Catuneanu, 2006). 

During forced regressions, wave scouring leads to the exhu- 
mation of compacted and dewatered sediments, making a firm 
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Figure 12.4 Distinction between normal-regressive, and sharp-based (forced-regressive, lowstand, and transgressively incised) shorefaces. (a)Normal- 
regressiveshoreface(highstandsystemstract). Vertical softgroundichnofaciesreplacementisgradualduetoprogressiveshallowing.(b) Forced-regressive 
shoreface (falling stage systems tract) . Vertical softground ichnofacies replacement is abrupt due to rapid shallowing. The base of the forced-regressive 
shoreface is delineated by the Glossifungites ichnofacies. (c) Lowstand shoreface (lowstand systems tract) . Vertical softground ichnofacies replacement 
is abrupt due to rapid shallowing. The base of the lowstand shoreface is delineated by the Glossifungites ichnofacies. Cannibalization of the underlying 
forced-regressive shoreface is significant, (d) Transgressively incised shoreface (transgressive systems tract). Vertical softground ichnofacies reflects 
deepening due to transgression. The base of the transgressively incised shoreface is delineated by the Glossifungitesichnoiaciss,. Firmgroundcolonization 
is typically more extensive than in forced-regressive and lowstand shorefaces because of prolonged colonization windows during depositional hiatus. 
MFS = maximum flooding surface. SB = sequence boundary. RSME = regressive surface of marine erosion. FWWB = fairweather wave base. CC = 
correlative conformity. FS/SB = flooding surface/sequence boundary. Modified from MacEachern et al. (2007c). 



substrate available for the Glossifungites producers. Accordingly, 
the Glossifungites ichnofacies locally delineates the basal ero- 
sional surface of forced-regression packages (MacEachern et al., 
1992; Monaco, 1995; Pemberton and MacEachern, 1995; Buatols 
et al., 2002b). Colonization windows may be rather narrow, due 
to a short hiatus followed by rapid deposition. In contrast to 
shorefaces formed during normal regressions, those incised dur- 
ing forced regressions are fairly thin due to diminished accommo- 
dation space during sea-level fall (MacEachern et al., 1999a). 

Prograding shoreface successions form during normal regres- 
sions separated by periods of relative sea-level rise, and exhibit 
a gradual change in softground trace-fossil associations reflect- 
ing progressive shallowing (Pemberton et ah, 1992b; Pemberton 



and MacEachern, 1995). Conversely, falling-stage shorefaces are 
characterized by the abrupt occurrence of proximal ichnofaunas 
that sharply contrast with those of the underlying, more distal 
sediments (Pemberton and MacEachern, 1995). Typically, perva- 
sively bioturbated offshore-transition to offshore deposits, which 
contain a distal to archetypal Cruziana Ichnofacies, are sharply 
replaced by erosive-based, coarser-grained shoreface deposits 
containing the Skolithos or the proximal Cruziana ichnofacies. 

Mid-shelf and shelf-edge deltas can also form as a result of 
forced regression, and are included in the falling stage systems 
tract (Por^bski and Steel, 2006). Empirical data on the ichnol- 
ogy of these systems are not available yet. However, It would 
be reasonable to expect that due to forced progradation of the 
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delta elements of the distal Cruziana to Zoophycos ichnofacies 
are replaced by more proximal and depauperate ichnofaunas, as 
a response of combined shallowing and fluvial discharge. 

12.2.2 LOWSTAND SURFACES OF EROSION 

The lowstand surface of erosion is produced as a result of rela- 
tive sea-level fall. During sea-level fall, fluvially transported 
sediment by-passes the alluvial and coastal plain, eroding into 
the underlying older deposits. Sediment by-pass is associated 
either with incision of fluvial valleys, or formation of unin- 
cised fluvial channels (Posamentier, 2001). In any case, these 
processes result in the establishment of a subaerial uncon- 
formity that is regarded as a sequence boundary. Although 
erosion results in firmground development, no substrate-con- 
trolled ichnofacies occur at the base of incised fluvial valleys 
or unincised fluvial systems because of freshwater or terres- 
trial conditions (MacEachern et ah, 1992). However, because 
typically subaerial unconformities correspond to the largest 
stratigraphic hiatuses, paleosol development may be exten- 
sive and rooted horizons together with the Coprinisphaera, 
Celliforma, or Termitichnus ichnofacies may occur in inter- 
fluve areas (Buatois and Mangano, 2004a; Catuneanu, 2006). 

In addition, subaerial unconformities can be detected by look- 
ing not at the surfaces themselves, but at the changes of ichno- 
faunas throughout the interval analyzed. The typical example is 
the vertical replacement of elements of the Skolithos or Cruziana 
ichnofacies in highstand systems tract deposits by the Scoyenia 
ichnofacies in continental lowstand systems tract deposits. It 
should be noted, however, that in the absence of a sharp change 
in sedimentary facies and associated erosion, this change in 
ichnofaunas may simply result from normal progradation of the 
highstand systems tract and no sequence boundary is implied. 

The subaerial unconformity may extend basinwards into an 
erosional surface produced subaqueously during maximum low- 
stand. This surface is excavated prior to burial due to lowstand 
progradation, resulting in the incision of sharp-based lowstand 
shorefaces (Fig. 12.4c). In terms of their ichnological signatures, 
substrate-controlled ichnofacies, particularly the firmground 
Glossifungites ichnofacies, may be present at the base of low- 
stand surfaces (MacEachern et ai, 1992, 2007c; Pemberton 
et ah, 2004). However, because of rapid deposition after forma- 
tion of the erosive surface the colonization window may close 
relatively fast, preventing extensive excavation of the substrate. 

Lowstand shorefaces are difficult to distinguish from forced- 
regressive shorefaces. Both record rapid progradation and 
overlie erosional surfaces cut by wave erosion (MacEachern 
et al., 2007c). Another similarity with lowstand shorefaces is 
the abrupt occurrence of proximal ichnofaunas over more dis- 
tal ichnofaunas (Pemberton and MacEachern, 1995; Buatois 
et al., 2002b). However, falling-stage shorefaces are thinner 
than their lowstand counterparts because of reduced accom- 
modation space during falling sea level (Mellere and Steel, 
1995; Catuneanu, 2006; MacEachern et al., 2007c). As recently 
discussed by MacEachern et al. (2007c), one of the main dif- 
ferences between falling-stage and lowstand shorefaces resides 



in the lower preservation potential of the former. Because con- 
tinuing sea-level fall leads to the subaerial exposure of falling- 
stage shorefaces, cannibalization is quite intense. In addition, 
the correlative conformity of the regressive surface of erosion 
is unlikely to be preserved due to subsequent incision of the 
lowstand shoreface emplaced in a further seaward position. In 
basinal positions, lowstand shorefaces tend to be gradationally 
based and the sequence boundary passes into its correlative 
conformity. Because the lowstand shoreface lies in the most sea- 
ward position prior to the subsequent sea-level rise, the preser- 
vation potential of the sequence boundary, and the correlative 
conformity is high (MacEachern et al., 2007c). Shelf-edge deltas 
also form during lowstand (Por^bski and Steel, 2006), but the 
ichnology of these systems is still poorly understood. 

Sea-level fall also plays a major role in slope and basin settings 
either by shifting depocenters towards the shelf edge or by pro- 
ducing incisions of submarine canyons (Posamentier and Allen, 
1999; Posamentier and Kolia, 2003). In the case of incised sub- 
marine canyons, extensive firmground surfaces are formed dur- 
ing incision due to erosional exhumation of previously deposited 
sediment(MacEacherneta/., 1992). Surfaces associated toincised 
submarine canyons are typically delineated by the Glossifungites 
ichnofacies (e.g. Hayward, 1976; Anderson eta/., 2006) (Figs. 12.5a-b, 
and 12.6). Additional information is provided by the related 
softground ichnofaunas. Highstand systems tract deposits 
underlying the incision surface commonly contain elements of 
the Zoophycos ichnofacies that characterizes outer shelf to slope 
environments. Although a dominance of low-diversity suites 
of suspension feeders were originally considered as typical of 
canyon-fill deposits (Crimes, 1977), subsequent studies docu- 
mented more variability of biogenic structures (Pickerill, 1981). 
This is consistent with the relatively wide variability of submar- 
ine canyon-fill sediments. In general, those ichnofaunas present 
immediately above the unconformity may contain elements of 
the Zoophycos or Skolithos ichnofacies (Fig. 12.5c) depending 
of the energy levels involved in canyon filling. Alternatively, 
canyon deposits may be virtually unbioturbated as a result of 
rapid sedimentation (Pemberton et ah, 2004). 

12.2.3 TRANSGRESSIVE SURFACES OF EROSION 

Transgressive surfaces of erosion, also known as ravinement 
surfaces, are formed due to scouring by tides and waves during 
the landward shift of the shoreline (Cattaneo and Steel, 2003; 
Catuneanu, 2006). Commonly they mark the boundary between 
the lowstand systems tract and the transgressive systems tracts 
(Posamentier and Allen, 1999). However, they may also deline- 
ate parasequence boundaries formed under high-energy condi- 
tions (Pemberton et al., 1992b), representing within-trend facies 
contacts (Catuneanu, 2006). Typically, the ravinement sur- 
face is delineated by the firmground Glossifungites ichnofacies 
(MacEachern et al, 1992) (Figs. 12.4d, 12.7a-c, and 12.8a-c). 
In fact, the landward shift of the shoreline generates extensive 
erosion leading to widespread exhumation of the underlying 
marine, and marginal-marine deposits under brackish to fully 
marine conditions. Furthermore, because during transgressions 
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Figure 12.5 Ichnofaunas of low- 
stand surfaces of erosion in incised 
submarine canyons, Lower Miocene, 
Nihotopu and Tirikohua forma- 
tions, Bartrum Bay, New Zealand, 
(a) General view of the erosive con- 
tact between slope deposits of the 
Nihotopu Formation below and 
canyon-fill deposits of the Tirikohua 
Formation above. Elements of the 
firmground Glossifungites ichno- 
facies (arrows) penetrate into the 
slope deposits, and are passively 
infill by submarine-canyon very 
coarse- to coarse-grained sand. 
Scale bar is 5 cm. (b) Close-up of 
a firmground RInzocorallium speci- 
men with scratch marks. Scale bar 
is 1 cm. (c) Vertical specimens of 
Ophiomorpha (arrows) forming the 
high-energy softground suite of 
canyon-fill deposits. Scale bar is 5 
cm. See Flayward (1976). 



sediment is trapped in the most proximal positions, sedimentation 
rate is very low in nearshore to shelf areas, providing relatively 
eontinuous eolonization windows. As a eonsequenee, conditions 
for colonization by the Glossifungites producers are ideal dur- 
ing transgressions. Although the Glossifungites ichnofacies is the 
most common substrate-controlled ichnofacies in transgressive 
surfaces of erosion, the Trypanites and Teredolites ichnofacies 
may occur if hardgrounds and woodgrounds are formed, respec- 
tively. In particular, the ichnogenus Teredolites may occur in large 
densities in transgressive lags (Savrda, 1991a; Savrda et al, 1993). 
Continuous scouring during ravinement tends to concentrate logs 
bored with Teredolites that accumulate after erosion of forested 
coastal plains during flooding (Box 12.1). 

During transgressive retreat followed by a stillstand, sharp- 
based, incised shorefaces can be formed (Downing and Walker, 
1988; Pemberton and MacEachern, 1995; MacEachern et al., 
1998). Under these conditions a wave-ravinement surface, 
produced by wave scouring during transgression, is formed. 



Discerning between transgressively incised shorefaces, and 
forced-regression and lowstand shorefaces is difficult because 
tracemakers are subject to identical environmental param- 
eters in both settings (Pemberton and MacEachern, 1995). 
MacEachern et al. (1999a) noted that transgressively incised, 
and forced-regressive shorefaces may be distinguished on the 
basis of detailed analysis of the erosional extent of the basal 
discontinuity (Fig. 12.4d). The basal discontinuity of transgres- 
sively incised shorefaces remains erosional even seaward of fair- 
weather wave base during subsequent progradation because the 
surface was cut prior to stillstand progradation while sea level 
was considerably lower. In contrast, the basal discontinuity of 
forced-regressive shorefaces becomes non-erosional where over- 
lying facies are deposited below fair-weather wave base. 

Transgressive surfaces of erosion are also associated with 
abandonment of deltaic systems (Fig. 12.7b). In proximal posi- 
tions, alluvial and delta-plain deposits containing freshwater 
to brackish-water ichnofaunas are sharply replaced by more 
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Figure 12.6 Firmground Thalassinoides of the Glossifungites ichno- 
facies delineating the base of an incised submarine canyon, Lower 
Cretaceous, Brewster Sands, Vulcan Formation, Gorgonichnthys field. 
Northwest Shelf Australia. Core width is 10 cm. 

diverse ichnofaunas as a result of deepening. Ravinement sur- 
faces cut into floodplain, interdistributary-bay, and abandoned- 
channel fine-grained clastic deposits are commonly delineated 
by the Glossifungites ichnofacies, while coals are most likely 
penetrated by elements of the Teredolites ichnofacies (e.g. Dam, 
1990; Buatois et al., 2002a). In subaerial to paralic settings, the 
Glossifungites may truncate paleosols (e.g. Driese and Foreman, 
1991) (Fig. 12.7c). Towards distal positions, transgressive surfaces 
of erosion demarcated by the Glossifungites ichnofacies may dis- 
play extremely high densities and relatively high diversity of firm- 
ground burrows (e.g. Buatois, 1995; Buatois et al, 2002a). 

During shoreline transgression, tidal currents may scour 
the underlying sediments resulting in the formation of a tidal- 
ravinement surface. This surface is typical of estuarine settings 
and specifically occurs between the finer-grained deposits of 




Figure 12.7 Glossifungites ichnofacies in transgressive surfaces of ero- 
sion. (a) Fligh density of firmground Thalassinoides and Rhizocorallium 
in a ravinement surface. Burrows are filled with coarse- and very coarse- 
grained sand and shell fragments from the overlying transgressive deposit. 
Oligocene, Los Jabillos Formation, Orocual Field, Eastern Venezuela 
Basin. Core width is 6.5 cm. (b) High density of Thalassinoides in a 
ravinement surface associated with delta abandonment. Burrow systems 
penetrate into underlying interdistributary-bay deposits, and are filled 
with coarse- and very coarse-grained sand and shell fragments from 
the overlying transgressive deposits. Lower to Middle Miocene, Oficina 
Formation, Oritupano Field, Eastern Venezuela Basin. Core width is 
9 cm. (c) Firmground Thalassinoides (Tit) penetrating from transgres- 
sive deposits above into a paleosol below. Note root trace fossils (Rt) in 
paleosol. Lower Miocene, Naricual Formation, El Furrial Field, Eastern 
Venezuela Basin. Core width is 9 cm. 



the estuary basin and the sandy deposits of the estuary-mouth 
complex (Allen and Posamentier, 1993) (Fig. 12.10). Another 
transgressive surface in estuarine settings, specifically in those 
that are wave-dominated, is the wave ravinement surface (Zaitlin 
et al., 1994). This surface separates the overlying transgressive 
shoreface from the underlying estuary-mouth-deposits (Fig. 
12.10). The tidal- and wave-ravinement surfaces do not represent 
boundaries between different systems tracts but occur within the 
transgressive systems tract. The firmground Glossifungites ichno- 
facies is extremely common in both tidal- and wave-ravinement 
surfaces (MacFachern and Pemberton, 1994). 
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Figure 12.8 Ravinementsurfacesdelin- 
eated by finnground Thalassinoides suites 
of the Glossifungites ichnofacies. (a) The 
surface separates estuarine basin depos- 
its below from sandy-channel depos- 
its above. Upper Cretaceous, Desert 
Member, Blackhawk Formation, 
Book Cliffs, Utah, United States, 
(b) Close-up of firmground burrows 
shown in (a), (c) Transgressive deposits 
with thick shell lag overlying delta-plain 
deposits. Middle to Upper Miocene, 
Urumaco Formation, Urumaco 
River, northwestern Venezuela. Scale 
bar is 30 cm. 



12.2.4 CO-PLANAR SURFACES OF LOWSTAND 
EROSION AND TRANSGRESSIVE EROSION 

Co-planar surfaces of lowstand erosion and transgressive ero- 
sion occur when the fluvially cut, subaerial unconformity is 
modified during subsequent transgression, and no fluvial depos- 
its are preserved above the surface (Pemberton et al., 1992b). 
Co-planar surfaces represent sequence boundaries that are 
overlain not by lowstand systems tract deposits, but by trans- 
gressive systems tract deposits. The most common occurrence 
of co-planar surfaces is associated with incised estuarine val- 
leys (Figs. 12.9, 12.10, and 12.11a-d). In incised valleys, fluvial 



deposits tend to accumulate along the valley axis during a late 
phase of sea-level fall, and are part of the lowstand systems 
tract. During the subsequent transgression, the downstream 
portion of incised valleys is converted into estuaries (Zaitlin 
et al., 1994). Estuarine deposits showing varying degrees of 
tidal influence tend to accumulate along the valley axis, but also 
onlap the interfluves where they mantled a co-planar surface of 
lowstand and transgressive erosion. 

Co-planar surfaces are commonly delineated by a whole 
array of substrate-controlled ichnofacies, with the Glossifungites 
ichnofacies being the most common of all (MacEachern and 
Pemberton, 1994). MacEachern et al. (1992) suggested that the 
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Box 12.1 Teredolites and sea-level changes 

Studies in the Lower Paleocene Clayton Formation of Alabama have demonstrated the utility of the wood bivalve boring 
Teredolites in delineating transgressive systems tracts (TST) (Fig. 12.9). The Clayton Formation contains a thin (approximately 
1.5 m) TST interval bounded at the top by a condensed section. Teredolites is present in high densities in logs forming a trans- 
gressive lag at the base of the TST interval. This accumulation results from an influx pulse of wood fragments from flooded 
forested coastal plains into marginal-marine and shallow-marine areas, and concentration of logs due to continuous scouring 
during ravinement. A second concentration of drifted bored logs occurs in the condensed section, marking the maximum flood- 
ing surface formed under conditions of sediment starvation. In addition, four preservational styles in Teredolites log-grounds 
have been recognized: well-preserved log-grounds, relict log-grounds, ghost log-grounds, and reworked Teredolites. All four pres- 
ervational styles are present in the transgressive lag, albeit with different abundances and commonly showing patchy distribu- 
tion. Only ghost log-grounds are present in the condensed section. Biochemical degradation is highest in the ghost log-grounds 
as a result of reduced sedimentation rates. Similar patterns in Teredolites distribution to those detected originally in the Clayton 
Formation have subsequently been recognized in other regions of the United States Gulf coastal plain and elsewhere. 

References: Savrda (1991a); Savrda et al. (1993). 
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Figure 12.9 Relationships between Teredolites and sea-level changes, (a) During lowstand, influx of xylic substrates is low. (b) During the initial trans- 
gression, influx of xylic substrates increases due to continuous scouring during transgressive ravinement across forested coastal plains, and logs become 
abundant in the water column, (c) Dense concentrations of wood fragments with Teredolites accumulate forming transgressive lags, (d) Condensed 
sections form during maximum flooding. These are characterized by ghost log-grounds that have suffered intense biodegradation (modified from 
Savrda e/ a/., 1993). 
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Figure 12.10 Ichnology of incised- 
valley systems. Modified from 
MacEachern and Pemberton (1994) 
and Buatois et al. (1998d). Valley 
segments based on Zaitlin et al. 
(1994). Segment 1 extends from the 
most seaward extent of valley inci- 
sion, near the lowstand mouth of 
the incised valley, to the point where 
the shoreline stabilizes at the begin- 
ning of highstand progradation. 
Segment 2 lies between the inner 
end of segment 1 (i.e. the initial 
highstand shoreline) and the estu- 
arine limit (i.e. the landward limit of 
recorded tidal influence) at the time 
of maximum flooding. Segment 3 
is located in the innermost region 
of the valley, lying landward of the 
transgressive marine-estuarine limit, 
but it is still influenced by changes 
in base level associated with relative 
sea-level change. The Glossifungites 
ichnofacies occurs at multiple lev- 
els, delineating flooding surfaces/ 
sequence boundaries, tidal-ravine- 
ment surfaces, and wave-ravinement 
surfaces. Note that this ichnofacies 
is not present if the sequence bound- 
ary is coincident with the base of 
lowstand fluvial deposit. LST = 
lowstand systems tract. TST = 
transgressive systems tract, HST 
= highstand systems tract, SB = 
sequence boundary, FS/SB = flood- 
ing surface/sequence boundary, TS 
= transgressive surface, BS = bayline 
surface, UBFS = upper-bay flood- 
ing surface, TRS = tidal-ravinement 
surface, WRS = wave-ravinement 
surface, MFS = maximum flooding 
surface. 



distribution of the Glossifungites ichnofacies along the base of 
the valley may be useful to delineate the maximum landward limit 
of marine influence in the incised valley during initial deposition. 
This distribution results from the fact that the Glossifungites pro- 
ducers cannot colonize under freshwater conditions. Accordingly, 
the ichnofacies is not developed at the base of the lowstand sys- 
tems tract (Savrda, 1991b). Carmona et al. (2006, 2007) noted 
that careful evaluation of the ichnological content, truncation of 
trace fossils, and the relationship between firmground biogenic 



structures commonly indicates a complex history for co-planar 
surfaces, suggesting successive events of ravinement erosion and 
benthic colonization during the transgression. 

Bored substrates are also common along co-planar surfaces, 
particularly where rocky shorelines and cliffs are transgressed. 
The Trypanites ichnofacies occurs in such settings (Gibert and 
Martinell, 1992, 1993, 1996; Martinell and Domenech, 1995). 
Uchman et al. (2002) noted that as transgression progresses 
different suites of bioeroders are emplaced in the discontinuity 
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Figure 12.11 Glossifungites ichnofacies in a valley-incision surface, Upper 
Cretaceous, Magallanes Formation, Austral Basin, Patagonia, Argentina, 
(a) Sparsely bioturbated incised valley-fill deposits with a depauperate 
Cruziana ichnofacies sharply replace lower-offshore deposits with an 
archetypal to distal Cruziana ichnofacies. Core is read from base at lower 
right to top at upper left, (b) Close-up showing firmground Thalassinoides 
(Th) of the Glossifungites ichnofacies at the incision surface, (c) Close-up 
of intensely bioturbated lower-offshore deposits. Evenly distributed 
Phycosiphon (Ph) cross-cut by Asterosoma (^j). Chondrites (Ch) and 
deep Teichichnus (Te). Note thick wall in “Terebellina (Tb)”. (d) Close-up 
of sparsely bioturbated incised valley-fill deposits. Small Planolites (PI) 
occurs in mud drapes. Core widths are 10 cm. 



as a result of a decrease in light and energy that parallels an 
increase in water depth. In their example, the polychaete bor- 
ing Caulostrepsis was emplaced with water depths of less 
than 2 m and subsequently overprinted by the bivalve bor- 
ing Gastrochaenolites when the water depth reaches approxi- 
mately 10 m. Finally, the sponge boring Entohia cross-cuts 
the other ichnofossils in water depths of a few tens of meters. 
Therefore, assemblages in these co-planar surfaces represent 
the work of several overprinted communities. 

12.3 NON-EROSIONAL DISCONTINUITIES 



Other surfaces of importance in sequence stratigraphy are not 
erosive in nature and, therefore, lack substrate-controlled ichno- 
facies if they are formed in siliciclastic sediments. Non-erosional 
discontinuities developed in carbonates are much more complex 
and will be addressed below. Three main situations can be rec- 
ognized: low-energy drowning surfaces, low-energy flooding 
surfaces and maximum flooding surfaces. 

Low-energy drowning surfaces separate deeper-water 
deposits resting on shallower-water strata (Posamentier and 
Allen, 1999). These surfaces are characterized by a verti- 
cal change in softground trace-fossils assemblages reflect- 
ing that deepening trend (e.g. Taylor and Gawthorpe, 1993). 
Examples include foreshore or upper-shoreface sandstone 
with a Skolithos ichnofacies that is sharply replaced by off- 
shore or offshore-transition mudstone having a proximal to 
archetypal Cruziana ichnofacies. This same surface is repre- 
sented seaward by offshore mudstone with a Cruziana ichno- 
facies replaced by shelf deposits containing a distal Cruziana 
ichnofacies or a Zoophycos ichnofacies. 

Low-energy flooding surfaces separate subaerially exposed 
sediments from overlying subaqueous deposits as a result of 
a rise in base level (Posamentier and Allen, 1999). Flooding 
surfaces represent a special category of drowning surfaces and, 
in actuality, they are the landward extension of the drowning 
surface. These surfaces can be recognized by a vertical change 
in softground trace-fossil assemblages that reflect inundation 
of the substrate (e.g. Taylor and Gawthorpe, 1993). A typical 
situation is the vertical passage from alluvial or coastal-plain 
deposits containing the Scoyenia ichnofacies or paleosol trace- 
fossil assemblages to nearshore deposits hosting marine or 
brackish-water ichnofacies. 

Maximum flooding surfaces refer to the surface of deposition 
at the time the shoreline is at its maximum landward position 
and, therefore, separates the transgressive from the highstand 
systems tract (Posamentier and Allen, 1999). Because during 
maximum transgression coastal depocenters are located at their 
maximum landward position, slow sedimentation occurs in the 
offshore and shelf As a result, maximum flooding is charac- 
terized by a condensed section representing thin deposits that 
accumulate during long periods of time (Loutit et al., 1988). 
The ichnological signatures of maximum flooding surfaces have 
not been explored in detail. However, it is well known that these 
surfaces are commonly associated with oxygen-poor conditions. 
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Therefore, condensed sections commonly are unbioturbated or 
display suites that are typical of dysaerobic sediments (Savrda, 
1992; Pemberton et al., 1992b). Where transgressions are associ- 
ated with flooding of forested coastal plains, maximum flooding 
surfaces may be characterized by concentrations of logs with 
Teredolites that accumulate under sediment starvation (Savrda, 
1991a; Savrda et ai, 1993, 2005) (Box 12.1). 

12.4 CHARACTERIZATION OF PARASEQUENCES 



In addition, recognizing changes in ichnofaunal content across a 
succession may help to identify parasequences. A parasequence 
is a shallowing-upward succession bounded by marine flooding 
or drowning surfaces (Van Wagoner et ai, 1990). The concept is 
particularly useful for the study of shallow-marine successions 
and, less commonly, lake systems, but its application to the 
study of alluvial and deep-marine strata is not recommended 
(Posamentier and Allen, 1999). The use of ichnology to delin- 
eate parasequences is based on the fact that trace-fossil asso- 
ciations are excellent indicators of environmental conditions 
that generally change according to a bathymetric gradient. In 
parasequences of clastic shallow-marine settings, two situations 
must be considered depending on the predominant depositional 
process: wave-dominated coasts and tide-dominated coasts. A 
third type of parasequence is generated in deltaic systems. Little 
is known about the architecture, grain-size vertical trends, and 
trace-fossil distribution in parasequences formed in mixed tide- 
and wave-dominated systems. However, preliminary informa- 
tion from modern environments (see Section 7.3) suggests that 
tidal beaches may show parasequences that are very similar to 
those of wave-dominated shallow-marine settings, while parase- 
quences in wave-dominated tidal flats may display much more 
similarity to those of tide-dominated shorelines, particularly if 
inner mud-flat zones are developed. 

I2.4.I WAVE-DOMINATED PARASEQUENCES 

A wave-dominated parasequence coarsens and thickens upward, 
recording shoreline progradation (Van Wagoner et ah, 1990). In 
terms of assoeiated environmental factors, each parasequence 
reflects a progressive upward increase in hydrodynamic energy, 
degree of oxygenation, sand eontent, amount of organic par- 
ticles in suspension, and mobility of the substrate that control 
the vertical distribution of trace fossils (Pemberton et ah, 1992c; 
Mangano et ai, 2002a, 2005a). Parasequences in wave-dominated 
strandplain environments pass gradually, from base to top, from 
a distal Cruziana ichnofacies in the lower offshore, an arehetypal 
Cruziana ichnofacies in the upper offshore to offshore transi- 
tion, a proximal Cruziana iehnofacies that is partially combined 
with a Skolithos ichnofacies in the lower shoreface, a Skolithos 
ichnofacies from the middle shoreface to the foreshore, and a 
Psilonichnus iehnofacies aeross the backshore (MacEachern 
and Pemberton, 1992; MacEachern et al., 1999a; Mangano 
et al., 2002a, 2005a). It should be noted, however, that this 
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ideal parasequence is the exception rather than the rule because 
not all subenvironments are represented in each parasequence. 
This environmental zonation is based on the characteristics of 
the resident ichnofauna, and the displacement of the Skolithos 
ichnofacies towards more distal parts in response to storm events 
(Pemberton and MacEachern, 1997) renders it complicated. 

12.4.2 TIDE-DOMINATED PARASEQUENCES 

Less attention has been focused on tide-dominated par- 
asequences, and several problems have arisen as a result of 
arbitrarily extrapolating the wave-dominated model to envi- 
ronments where tide is the driving process. A tide-dominated 
parasequence fines and thins upward, recording tidal-flat pro- 
gradation (Van Wagoner et al., 1990). The energy peak is in the 
deeper-subtidal zone rather than in intertidal areas. Therefore, 
each parasequence reflects an upward decrease in hydro- 
dynamic energy, degree of oxygenation, sand content, amount 
of organic particles in suspension, and substrate mobility. 
Vertical ichnofacies replacement in a tide-dominated parase- 
quence is just the opposite to that of a wave-dominated parase- 
quence (Mangano et al., 2002a, 2005a; Mangano and Buatois, 
2004a). A typical tide-dominated parasequence begins with 
non-bioturbated sandstone accumulating in subtidal-sandbar 
and dune complexes which upwards may contain colonization 
surfaces with low-diversity assemblages of the Skolithos ichno- 
facies. Lower-intertidal sand-flat deposits containing a mixture 
of elements from the Skolithos and Cruziana ichnofacies occur 
above. The Cruziana ichnofacies gets increasingly important 
to the point of becoming predominant in mixed intertidal flat, 
despite the fact that ichnodiversity is not necessarily high. 
The upper part of the parasequence generally involves mud- 
stone deposits containing root trace fossils and elements of the 
Psilonichnus ichnofacies. Ichnofacies zonation depends largely 
on tidal regime (Mangano and Buatois, 2004a). In high-en- 
ergy systems, lower-intertidal sectors tend to be dominated by 
elements of the Skolithos ichnofacies, which turn out to be 
similar to subtidal deposits from the ichnological viewpoint. 
In contrast, under lower-energy conditions, lower-intertidal 
zones are dominated by the Cruziana ichnofacies. 

12.4.3 DELTAIC PARASEQUENCES 

Deltaic parasequences are highly variable, depending on 
the dominant process operating (waves, tides, and fluvial). 
Parasequences can be particularly delineated in the prodelta 
to delta front. Recognition of parasequences in the delta plain 
remains a contentious issue (Posamentier and Allen, 1999). In 
addition, shallowing-upward successions apparently limited by 
flooding surfaces may be produced by deltaic-lobe switching 
rather than by true allogenic processes, such as sea-level change 
(e.g. Tornqvist et al., 1996). Little is known about trace-fossil 
distribution in parasequences formed in tide-dominated deltas 
and our discussion is, therefore, focused on parasequences from 
wave- and river-dominated deltas. 
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Parasequences from wave-dominated deltas are similar 
to those formed in wave-dominated, non-deltaic shorelines 
because wave energy tends to buffer fluvial effects (MacEachern 
et al., 2005). As in strandplain parasequences, a wave-domi- 
nated parasequence coarsens and thickens upward, recording 
delta progradation (Van Wagoner et al, 1990). Parasequences 
formed in these settings pass gradually, from base to top, from 
a distal Cruziana ichnofacies in the distal prodelta, an arche- 
typal Cruziana ichnofacies in the proximal prodelta to distal 
delta front and a proximal Cruziana ichnofacies or Skolithos 
ichnofacies in the proximal delta front. However, subtle differ- 
ences can be detected. The Cruziana ichnofacies may be slightly 
impoverished with respect to its more fully marine bathymet- 
ric equivalents of strandplain parasequences. In addition, high 
concentration of silt and clay in the water column reduces 
the amount of suspension feeders, producing an anomalous 
Skolithos ichnofacies. 

Parasequences formed in river-dominated deltas also coarsen 
and thicken upward. In contrast to those from wave-dominated 
settings, river-induced stresses are more profound (MacEachern 
et al., 2005). Parasequences from river-dominated deltas pass 
gradually, from base to top, from a distal Cruziana ichnofacies 
in the distal prodelta, a depauperate Cruziana ichnofacies in the 
proximal prodelta to distal delta front and sparse indistinct bio- 
turbation, if any, in the proximal delta front. River discharge often 
results in dilution of marine salinity, resulting in impoverishment 
of the Cruziana ichnofacies. In addition, water turbidity is very 
high, resulting in the suppression of the Skolithos ichnofacies. 

12.5 DELINEATION OF PARASEQUENCE SETS AND 
SYSTEMS TRACTS 



Integrating ichnological evidence, and sedimentological and 
stratigraphic data, sedimentary successions at the parasequence- 
set scale can be characterized in order to detect transgressive 
and regressive trends, assisting in systems-tract recognition. In 
this respect, two situations will be addressed: progradational 
and retrogradational patterns. The former is illustrated by either 
prograding deltas or strandplains and the latter by transgressive 
estuarine valley fill. 

12.5.1 PROGRADATIONAL PATTERNS 

Because deltas are, by definition, progradational, deltaic parase- 
quences tend to stack forming progradational parasequence sets. 
Ichnofaunas are generally indicative of vertical replacement of 
forms which are typical of alternating normal or nearly normal 
salinity and brackish-water environments across the prodelta 
and delta front by forms adapted to brackish-water across the 
delta plain. As discussed above, whether deltas are river-, tide-, 
or wave-dominated results in great variations in ichnofossil con- 
tent. The top of the parasequence set may even exhibit biogenic 
structures resulting from freshwater fauna living in water bodies 
across deltaic plains or in distributary streams. 



12.5.2 RETROGRADATIONAL PATTERNS 

In contrast to deltaic and strandplain successions, however, 
identification of parasequences in incised valleys is not straight- 
forward (Posamentier and Allen, 1999). In any case, successions 
recording an estuarine valley fill typically show a clear retro- 
gradational trend that illustrates transgressive stratigraphy (Fig. 
12.10). The estuarine valley incision surface is carved during a 
sea-level fall but the valley fill corresponds mostly to the subse- 
quent transgressive phase (Zaitlineta/., 1994). Lowstand-fluvial 
deposits may even be preserved along the valley axis above the 
basal incision surface. These deposits commonly exhibit limited 
bioturbation, resulting from the activity of freshwater biotas or, 
more commonly, are devoid of biogenic structures. 

According to Dalrymple et al. (1992), the onset of estuarine 
deposition is indicated by the lowest occurrence of sandstone 
with clay drapes of tidal origin, which therefore can be used 
to detect the boundary between the lowstand systems tract and 
the transgressive systems tract. The surface separating these two 
systems tracts within incised valleys is referred to as the bayline 
surface (Thomas and Anderson, 1994) (Fig. 12.10). Substrate- 
controlled ichnofacies delineate the valley incision surface where 
basal fluvial-lowstand deposits do not separate the sequence 
boundary from the initial flooding surface (Savrda, 1991b). 
Estuarine valley fill deposits overlying the bayline surface along 
the valley axis or the incision surface towards the valley mar- 
gins contain an impoverished ichnofauna characterized by a 
mixture of the Skolithos and Cruziana ichnofacies (Pemberton 
and Wightman, 1992; MacEachern and Pemberton, 1994) (Fig. 
12.10). This depauperate ichnofauna records the activity of an 
opportunistic community developed under stressful conditions 
in a brackish-water estuarine setting. 

Another surface present within incised valleys is the upper- 
bay flooding surface, which separates sandy upper-estuary 
deposits from overlying finer-grained facies of the estuary basin 
(Thomas and Anderson, 1994). The passage from upper-estuary 
into lower-energy estuary-basin deposits is usually paralleled by 
a slight increase in ichnodiversity. Upward into the sequence, 
estuary-basin deposits are separated from the estuary-mouth 
complex by the tidal-ravinement surface. Due to tidal scour- 
ing, this surface commonly hosts a Glossifungites ichnofacies 
(MacEachern and Pemberton, 1994) (Fig. 12.10). Because the 
estuary mouth commonly experiences near-marine salinity con- 
ditions, trace-fossil assemblages may be fairly diverse in this 
outer region of the incised valley (e.g. Buatois and Mangano, 
2003c). Overlying the estuary-mouth complex and underlying 
the transgressive shoreface, the wave-ravinement surface occurs. 
Above this surface, ichnofaunas are typically fully marine. 

A slight variation to this pattern may occur in the inner- 
most zone of macrotidal estuarine systems that are character- 
ized by arthropod-dominated, diverse assemblages (Buatois 
et al., 1997b). These ichnofaunas belong to mixed Scoyenia and 
Mermia ichnofacies, and tend to occur in the basal transgressive 
deposits immediately above the co-planar surface (Fig. 12.10). 
In this specific setting and at this particular stage of estuarine 
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valley evolution, freshwater conditions coexist with tidal influ- 
ence (Buatois et al., 1998d). As transgression proceeds, back- 
stepping brackish-water deposits accumulate. The ichnological 
signature of such a change in depositional conditions is reflected 
in the upward replacement of the mixed Scoyenia and Mermia 
ichnofacies by the mixed Skolithos and impoverished Cruziana 
ichnofacies. 

Overall, and in contrast with deltaic successions that typically 
display a vertical decrease in ichnodiversity due to an increased 
influence of fluvial proeesses, estuarine valley-fill successions 
show vertical passage of brackish-water ichnofaunas exhibit- 
ing increasing marine influenee into more diverse associations 
which are indicative of normal salinity (MacEachern and 
Pemberton, 1994; Buatois et ah, 1998d, 2002b). In compound 
valley systems, which record more that one cycle of relative 
sea-level change, the ichnological record is more complex and 
more diverse climax and depauperate opportunistic trace-fossil 
assemblages tend to alternate as a result of reincision. 

12.6 CARBONATE SEQUENCE STRATIGRAPHY 



Comparatively little is known with respect to the sequence- 
stratigraphic significance of trace fossil in carbonates. 
Carbonate sequence stratigraphy shows significant departures 
with respect to its siliciclastic equivalent (Bosence and Wilson, 
2003; Schlager, 2005; Catuneanu, 2006). Most of these differ- 
ences stem from the fact that carbonates are produced within 
the basin itself in the so-called “earbonate factory”. Carbonate 
production is directly proportional to the area of flooded plat- 
form top. Accordingly, sediment availability in carbonate sys- 
tems shows an opposite trend to that of siliciclastie systems. 
While in siliciclastic systems there is an increased in sediment 
supply during lowstands and sediment starvation characterizes 
transgressions, in carbonate systems carbonate faetories achieve 
their maximum production during transgressions, but sea-level 
fall generates their shutdown. However, if the rise of sea level 
is very fast and the water depth exceeds the photic limit, car- 
bonate production is terminated and a drowning uneonformity 
is formed. During highstand, the volume of earbonate sedi- 
ment exceeding accommodation space is shed to the deep water 
(highstand shedding; see Bosenee and Wilson, 2003). 

A major departure with respect to siliciclastic substrate-con- 
trolled ichnofacies results from the fact that firmgrounds and 
hardgrounds can be formed in carbonates without erosional 
exhumation, simply as a result of early diagenetic changes in the 
substrate (Bromley, 1975). Consequently, the Glossifungites -dnA 
Trypanites ichnofacies can develop during periods of reduced 
depositional rates or breaks in sedimentation. While substrate- 
controlled ichnofacies in silicielastic settings are not typically 
associated with low-energy transgressive surfaces, the opposite 
is true in carbonate systems. Drowning unconformities may 
contain firmground and hardground suites. Surfaces contain- 
ing deep and widespread borings of the Trypanites ichnofacies 
may occur due to the shutdown of the carbonate factory during 
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rapid drowning. In addition, condensation may occur along 
maximum flooding surfaces in carbonate ramps, leading to the 
development of substrate-controlled ichnofacies. 

If sufficient time is involved, composite ichnofabrics show- 
ing progressive changes in substrate consistency are formed 
(Bromley, 1975; Frey and Bromley, 1985; Ekdale and Bromley, 
1991; Lewis and Ekdale, 1992). Omission surfaces and 
hardgrounds are eommonly associated. Omission surfaces are 
characterized by pre-omission, omission, and post-omission 
trace-fossil suites (Bromley, 1975, 1996). Pre- and post-omission 
suites contain softground assemblages, while the omission suite 
is characterized by the firmground Glossifungites iehnofacies. 
Because no cementation is involved in the formation of omis- 
sion surfaces, no hardground suites developed. Pre- and post- 
omission suites in hardgrounds also host softground suites. 
However, and in contrast to omission surfaces in firmgrounds, 
the omission suite in hardgrounds is subdivided into pre- and 
post-lithification suites (Bromley, 1975, 1996). The former hosts 
the Glossifungites iehnofacies, while the latter contains the 
Trypanites ichnofacies. The Trypanites suite typically cross-cuts 
the Glossifungites suite, resulting in palimpsest surfaces (e.g. 
Mangano and Buatois, 1991; Bertling, 1999). In some cases, 
these surfaces eontain bored shells that also reveal breaks in 
sedimentation (e.g. Martinius and Molenaar, 1991). 

In addition to these cases, substrate-controlled ichnofacies 
may also occur in erosional surfaces, and are commonly 
associated with rocky shorelines consisting of truncated 
limestone. Transgressive surfaces of erosion formed by wave 
ravinement of carbonate substrates contain the Glossifungites 
ichnofacies, commonly exhibiting high-density suites of 
firmground burrows (e.g. Rodriguez-Tovar et al., 2007). Well- 
known examples are also associated with eo-planar surfaces. 
During lowstands, carbonates dissolve and karstic surfaces 
develop under subaerial conditions. Calcareous paleosols 
may form, and display an iehnofauna dominated by nests 
of halictid bees, representing the Celliforma ichnofacies 
(Melchor et ah, 2002). During the subsequent transgression, 
karstic surfaces are colonized, and the Trypanites ichnofacies 
is the typical ichnofacies present (e.g. Pemberton et al., 1980; 
Hanken et al., 1996; Wilson et al., 1998). Some of these sur- 
faces may evidence a complex history of colonization, par- 
ticularly in reef systems (Fig. 12.12a-d). Shallow borings 
emplaced in the reef can be removed due to erosion during 
sea-level fall and only the deepest borings {Gastrochaenolites) 
are preserved. A second generation of borings oceurs on the 
same surface after the subsequent transgression (Wilson 
etal., 1998). 

Studies dealing with the ichnological characterization of ear- 
bonate parasequences are uncommon, but examples are known 
from tropical carbonates (Pemberton and Jones, 1988; Jones and 
Pemberton, 1989; Curran, 1992, 1994, 2007). Parasequences 
doeumented in modern and Quaternary Bahamian-type ear- 
bonates consists, from base to top, of: (1) shallow-subtidal 
eoral reef, eoral rubblestone, and calcarenite with borings of 
the Trypanites ichnofacies (e.g. Gastrochaenolites), and burrows 
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Figure 12.12 Substrate-controlled 
ichnofacies delineating a co-planar 
surface in carbonates. Pleistocene, 
Cockburn Town Member, Grotto 
Beach Formation, San Salvador 
Island, Bahamas, (a) Erosional sur- 
face sculpted in a coral reef Note 
the presence of the encrusting coral 
Diploria strigosa. Pencil (center left) 
is 16 cm. (b) Close-up of the ero- 
sional surface showing higli density of 
the bivalve boring Gastrochaenolites 
torpedo. Some of these borings are 
truncated, and only their bases are 
preserved. These borings represent 
colonization prior to erosion due to 
sea-level fall. Scale bar is 5 cm. (c) 
Gastrochaenolites torpedo (arrows) 
emplaced in the encrusting coral 
Acropora palmata. Scale bar is 3 cm. 
(d) Gastrochaenolites torpedo formed 
prior to the sea-level fall and filled 
with material derived from a terra 
rossa paleosol developed during 
the lowstand. Scale bar is 1 cm. See 
Wilson et al. (1998). 



of the SkoUthos ichnofacies (e.g. SkoUthos, Ophiomorpha), (2) 
lagoonal intertidal oolitic limestone with the mixed Skolithos- 
Cruziana ichnofacies, (3) beach-backshore calcarenite contain- 
ing the Psilonichnus ichnofacies, and (4) coastal eolian-dune 
calcarenite, and paleosols with insect and arachnid trace fossils 
(see Section 11.1.1). 

12.7 CONTINENTAL SEQUENCE STRATIGRAPHY 



In comparison with their marine counterparts, continental ich- 
nology has been less explored with respect to its utility in sequence 
stratigraphy, and trace fossils are undoubtedly still underutilized 
in this field. Application of ichnology in continental sequence 
stratigraphy cannot be simply based on the extrapolation of 
marine sequence stratigraphy and a modified conceptual frame- 
work should be adopted (Buatois and Mangano, 2004a, 2007, 
2009a). While substrate-controlled ichnofacies reflect erosive 
exhumation of the sediment in marine environments, this is 
rather unusual in continental settings. In continental succes- 
sions, substrate-controlled ichnofacies are commonly related to 
firmgrounds that rapidly developed under subaerial exposure by 
autogenic processes, without implying a significant hiatus (e.g. 
Fiirsich and Mayr, 1981; Zonneveld et al., 2006). 

12.7.1 LAKE BASINS 

Further problems result from the application of sequence- 
stratigraphic concepts in continental environments, particu- 
larly in the case of lacustrine systems. As noted by Bohacs et al. 
(2000), lacustrine systems differ from oceans in several ways. 



including the smaller volumes of sediment and water included 
in lakes, the direct link between lake level and sediment sup- 
ply, and the fact that shoreline migration may be due not only 
to progradation but also to withdrawal of water. Bohacs et al. 
(2000) recognized three different types of lake basins, over- 
filled, balanced-fill, and underfilled, providing a conceptual and 
practical framework to evaluate the potential of trace fossils in 
lacustrine sequence stratigraphy (Buatois and Mangano, 2004a, 
2007, 2009a) (Fig. 12.13). This framework has been also used to 
place changes in species diversity in modern and ancient lakes 
(Gierlowski-Kordesch and Park, 2004). 

OVERFILLED LAKES 

Overfilled-lake basins are formed when rate of sediment/water 
input exceeds potential accommodation (Bohacs et al., 2000). 
According to these authors, overfilled lakes are commonly 
hydrologically open, contain fluvio-lacustrine siliciclastic 
deposits and display parasequences driven mainly by shoreline 
progradation and delta-channel avulsion. Overfilled-lake basins 
contain well-developed softground trace fossils that are useful 
to delineate parasequences and parasequence sets (e.g. Buatois 
and Mangano, 1995c; Melchor et al., 2003; Melchor, 2004). 
Fluvial discharge into overfilled lakes commonly contributes to 
the formation of underflow currents that oxygenate lake bot- 
toms. These density currents allow epifaunal and infaunal com- 
munities to become established (Buatois and Mangano, 1998). 

In addition to being well oxygenated, overfilled lakes are 
typically freshwater and no stress due to hypersalinity occurs, 
leading to the development of a relatively diverse benthos. 
Shallowing-upward successions due to delta and shoreline 
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Figure 12.13 Trace-fossil assem- 
blages, environmental controls, and 
lacustrine sequence stratigraphy, 
(a) Overfilled lakes, (b) Balanced- 
fill lakes, (c) Underfilled lakes. 
Modified from Buatois and 
Mangano (2004a, 2009a) with 
stratal patterns illustrated after 
Bohacs et al. (2000). 



progradation are the rule (Fig. 12.14). Distal facies commonly 
consist of underflow-current and background-fallout deposits 
hosting the Mermia ichnofacies. Intermediate facies may con- 
tain wave-dominated delta-front and nearshore deposits, includ- 
ing storm-emplaced hummocky cross-stratified sandstone and 
fair-weather wave- and combined-flow ripple cross-laminated 
sandstone. Grazing trails of the Mermia iehnofacies may form 
eolonization suites at the top of storm beds in such settings. 
However, assemblages are commonly impoverished with respect 
to those of the more distal facies (Buatois and Mangano, 1998). 
Under conditions of moderate to high energy due to continu- 
ous wave aetion, the Skolithos ichnofacies tends to occur. More 
energetic, proximal facies, encompassing trough and tabular 



cross-bedded distributary-ehannel sandstone, are commonly 
unbioturbated. Locally, these deposits may contain escape trace 
fossils, and vertical domiciles of suspension feeders, represent- 
ing the Skolithos ichnofacies (e.g. Melehor et ah, 2003). 

In the case of deep overfilled lakes, extensive basin-floor tur- 
bidite systems are formed. Middle to distal regions of turbidite- 
lobe successions are characterized by the Mermia ichnofacies 
which may comprise both pre- and post-depositional suites 
in thin-bedded turbidite sandstone (e.g. Buatois et al., 1996b; 
Buatois and Mangano, 1998). Thick-bedded turbidites are typ- 
ically unbioturbated. Paleoenvironmental zonations in aggra- 
dational and progradational turbidite lobes can be established 
by integrating ichnological and sedimentologieal evidenee (e.g. 
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Figure 12.14 Trace-fossil distribu- 
tion in overfilled lake basins. Note 
the overwhelming dominance of 
softground suites and the progres- 
sive replacement of ichnofacies due 
to shallowing (after Buatois and 
Mangano, 2009a). 



Buatois and Mangano, 1995c; Buatois et al., 1996b). Organic 
matter in overfilled lakes is essentially derived from land plants, 
representing the prime source of nutrients and, therefore, favor- 
ing the development of a deposit-feeding benthic fauna in per- 
manently subaqueous, low-energy zones. Because such large 
lakes usually do not experience desiccation, firmground suites 
are rare, and only the softground suite of the Scoyenia ichno- 
facies is present. 

BALANCED-FILL LAKES 

Balanced-fill lake basins are characterized by rates of sedi- 
ment/water supply in balance with potential accommodation 
(Bohacs et al, 2000). Carbonate and siliciclastic facies accu- 
mulate in lakes that periodically shift from hydrologically open 
to closed and vice versa. In contrast to overfilled lakes, suc- 
cessions record not only progradational parasequences, but 



also aggradation of chemical sediments due to desiccation. 
Abundant firmground trace-fossil suites occur in balanced- 
fill lakes, but softground assemblages are usually depauperate 
(Fig. 12.15). During lowstands, shallow balanced-fill lakes are 
characterized by relatively thin aggradational parasequences 
due to desiccation (Bohacs et al, 2000). Due to pervasive des- 
iccation, lowstand deposits tend to host abundant and wide- 
spread ichnofaunas of the Scoyenia ichnofacies. In particular, 
the firmground suite of this ichnofacies, containing striated 
trace fossils, such as Scoyenia and Spongeliomorpha, is com- 
mon (e.g. Bromley and Asgaard, 1979; Gierlowski-Kordesch, 
1991; Metz, 1995; Clemensen et al, 1998). Biogenic structures 
are usually preserved during subsequent flooding by rapid 
influx of sand. 

During lowstands relatively thick aggradational parase- 
quence sets form in lake-floor turbidite systems if the balanced- 
fill lakes are of sufficient depth (Bohacs et al, 2000). Under 
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Figure 12.15 Trace-fossil distribu- 
tion in balanced-fill lake basins. Note 
the paucity of subaqueous suites and 
the common superimposition of 
softground and firmground suites in 
lake-margin deposits (after Buatois 
and Mangano, 2009a). 



these conditions, no firmground suites occur in the lowstand 
package. Lake hydrology is closed during lowstands and salinity 
usually increases (Bohacs et al., 2000), imposing a stress factor 
on the lake biota and, therefore, softground ichnofaunas are of 
low diversity if not absent at all. Ichnofaunas in thin-bedded 
turbidites of balanced-fill lakes are less abundant and diverse 
than those in turbidites of overfilled lakes (Buatois et ah, 1996b; 
Buatois and Mangano, 2007; Uchman et ah, 2007). 

Parasequences formed during transgressions are relatively 
thick and display retrogradational stacking patterns, while 
highstand parasequences are variable in thickness and are 
either aggradational or progradational (Bohacs et al., 2000). 
Freshwater conditions are common during transgression, but 
dysaerobic conditions may prevail, imparting a stress factor 
on lacustrine communities. Although trace fossils may occur 
locally in transgressive and highstand carbonates, ichnodiver- 
sity is low and trace fossils are produced by epifaunal rather 



than infaunal organisms, suggesting brief periods of oxygen- 
ated bottom waters, but permanently anoxic interstitial waters 
(e.g. Buatois et al, 2000). The depauperate Mermia ichnofacies 
is characteristic of these deposits. Further complications result 
from the low preservation potential of trace fossils in carbon- 
ates due to diagenetic alteration. Scarcity or even absence of bio- 
genic structures due to oxygen depletion may also be the rule in 
transgressive and highstand siliciclastic deposits of balanced-fill 
lakes (e.g. Olsen, 1989; Mangano et al., 1994, 2000; Metz, 1995). 
During highstand progradation of deltaic systems, elements of 
the Skolithos ichnofacies may occur in delta mouth-bar deposits 
(Bromley and Asgaard, 1979; Mangano et al., 1994, 2000). 

UNDERFILLED LAKES 

Underfilled-lake basins occur when rates of accommodation 
exceed rate of supply of sediment/water (Bohacs et al, 2000). In 
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Figure 12.16 Trace-fossil distribu- 
tion in underfilled lake basins. Note 
the typical absence of bioturbation 
in most of the subaqueous deposits 
as a result of hypersalinity. Instead 
of progressive replacement of 
(Corrunonhypersallnay; ichnofacies throughout the strati- 
graphic column, a complex overlap 
of suites characterizes the lake- 
margin interval reflecting omis- 
sion surfaces formed in response 
to desiccation (after Buatois and 
Mangano, 2009a). 



hydrologically closed lakes, deposition of evaporites dominates 
and parasequences record vertical aggradation. The Scoyenia 
ichnofacies is widespread in underfilled lake basins, but the 
Mermia ichnofacies is commonly absent (Fig. 12.16). Lowstand 
deposition is characterized by evaporite accumulation in remnant 
pools developed in the zones of maximum subsidence (Bohacs 
et al., 2000). Evaporite pools are very stressful environments and 
almost invariably lack biogenic structures. In the remaining zones, 
sediments that accumulated during the previous highstand experi- 
ence extreme desiccation during lowstand (Bohacs et al., 2000). 

The Scoyenia ichnofacies is associated with lowstand desic- 
cated substrates in underfilled lakes (e.g. Metz, 1996, 2000; 
Scott et al., 2007b). The density of arthropod trackways, as well 
as various trace fossils produced by insects, may be high, form- 
ing tracked omission surfaees (e.g. Zhang et al., 1998; Minter 
et ah, 2007b; Scott et al., 2007b; Bohacs et al., 2007). Extensive 
surfaces with high densities of tetrapod trackways or tracksites 
occur also (e.g. Farlow and Gallon, 2003; Szajna and Flartline, 
2003). Some of these omission surfaces may represent sequence 
boundaries expressed by co-planar surfaces of lowstand and 



subsequent flooding (Scott et al., 2009) (Box 12.2). Lake-level 
fluctuations, particularly in gently dipping lacustrine eoastal 
plains, are conducive to complex cross-cutting relationships 
due to trace-fossil suite overprinting, particularly where the sur- 
faces involve more than one transgressive-regressive cycle (Scott 
et ah, 2009). During pluvial periods, underfilled lakes experi- 
ence rapid expansion and flash floods reach the basin, leading 
to deposition of event sandstones. Trace-fossil preservation is 
mostly linked to rapid influx of sand via sheet floods entering 
into the lake (Zhang et al., 1998). 

Flypersalinity usually prevents the establishment of a sub- 
aqueous Mermia ichnofacies during transgression and high- 
stand. Flowever, elements of the Mermia ichnofacies may 
occur, albeit in reduced numbers, in very shallow-water thin 
deposits immediately above flooding surfaces at the base of 
parasequences. This assemblage is abruptly replaced upward 
by the Scoyenia ichnofaeies reflecting lake regression (Metz 
1996, 2000). Additionally, dwelling traces possibly produced by 
aquatic chironomid larvae may be present (Rodriguez- Aranda 
and Calvo, 1998; Uchman and Alvaro, 2000). 
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Box 12.2 Ichnological complexity of co-planar surfaces in underfilled lakes 

A set of interfingering Upper Pleistocene and Holocene exhumed surfaees in the underfilled saline Lake Bogoria of Kenya reveals 
a complex story of changes in lake level and environmental controls on biogenic structures through time. Ongoing exhumation of 
the surface near the present shoreline has reactivated the sediments as a substrate for animal and plant colonization. The modern 
environmental setting at Lake Bogoria is very similar to that of the preserved exhumed surfaces, favoring eomparisons on both 
sides of the fossilization barrier. These exhumed surfaces are amalgamated in places forming a co-planar surface that includes up 
to five suites of animal and plant traces, which are commonly overprinted forming palimpsest surfaces. Suite 1 includes the traees 
of chironomid larvae formed in subaqueous lacustrine environments. Suite 2 consists of flamingo traces formed at the shore- 
line. This suite is comparable to the Grallator ichnofacies. Suite 3 comprises trails (incipient Gordia isp. and Helminthoidichnites 
isp.) and burrows systems (incipient Labyrintichnus and Vagorichnus isp.). These were emplaced in relatively fresh, saturated 
to extremely shallow subaqueous substrates. This suite compares well with the Mermia ichnofacies. Suite 4 consists of sim- 
ple vertical (Skolithos ispp.), simple horizontal {Planolites isp.) and branched (incipient Vagorichnus isp. and Spongeliomorpha 
isp.) burrows, trackways (e.g. incipient Diplichnites, Diplopodichnus, and Siskemia), rhizoliths, and various vertebrate footprints 
including mainly birds and mammals. This suite is present at the lake margin and is associated with substrates of various degrees 
of consolidation, commonly near fresh and brackish water sources, including hot-springs and rivers. The striated burrows (i.e. 
Spongeliomorpha isp.) occur in drying, firmer, and slightly indurated substrates. This suite illustrates the Scoyenia ichnofacies, 
including both pre- and post-desiccation elements. Suite 5 contains termite (JTennitichnus isp.) and ant nests, simple burrows 
(Planolites isp., Palaeophycus isp.), meniscate trace fossils (IBeaconites isp., Taenidium isp.), and rhizoliths. This suite records col- 
onization in subaerially exposed substrates assoeiated with low water tables, and favors comparison with paleosol assemblages 
deseribed elsewhere. Suite overprinting of the exhumed surface reflects lake-level fluctuations. For example, in some areas the 
terrestrial suite 5 overprints the lake-margin suite 4 and the subaqueously emplaced suite 2 as a result of shoreline regression. 
Because the surface is active today, overprinting of the subaerial, shoreline, and subaqueous portions of the surfaces by animal 
and plant traces, representing the five suites recognized, is occurring in response to the various sets of environmental factors that 
control the lateral distribution of biogenic structures. The example from Lake Bogoria clearly illustrates the complexity of the 
ichnology of lacustrine co-planar surfaces and sheds new light onto the nature of continental ichnofacies. 

References: Scott et al. (2009). 



Transgressive systems tracts recorded by thin transgressive 
parasequences usually refleet drastic ichnofaunal changes, 
from terrestrial assemblages (Coprinisphaera or Celliforma 
ichnofacies) to transitional terrestrial-subaqueous assem- 
blages (Scoyenia ichnofacies) and salinity-tolerant subaqueous 
monospeeiflc assemblages of Beaconites filiformis attributed 
to chironomids (Uchman and Alvaro, 2000). Rapid changes 
in depositional conditions reflecting desiccation during verti- 
cal aggradation led to the formation of eomposite ichnofabries 
reflecting successive bioturbation events. 

12.7.2 ALLUVIAL PLAINS 

In alluvial settings, the sparse distribution of trace fossils pri- 
marily reflects changes in depositional systems which, in turn, 
may be linked to systems traets (Buatois and Mangano, 2004, 
2007). Widespread erosion, and high energy and sedimentation 
rates lead to channel amalgamation, and extensive reworking 
of fluvial deposits, preventing formation and/or preservation 
of biogenic structures in fluvial channels. As previously dis- 
eussed, interfluve areas are commonly characterized by rooted 
paleosols, and terrestrial inseet ichnofossils may oceur, particu- 
larly in late Mesozoic and Cenozoic strata (Genise et al, 2000, 
2004b; Genise, 2004). In particular, any of the various paleosol 
ichnofaeies may delineate sequence boundaries. 



Due to higher aceommodation during the late lowstand, 
increasingly isolated fluvial channels encased in overbank 
deposits tend to oecur, promoting preservation of biogenic 
structures. Eventually transgressive lacustrine and marsh 
deposits accumulate when rate of accommodation exceeds 
sediment supply (Legarreta et al, 1993; Posamentier and 
Allen, 1999). These changes may be paralleled by the pro- 
gressive replacement of vertical dwelling burrows, and 
escape trace fossils of the Skolithos ichnofacies in active 
ehannels by low-diversity assemblages of meniscate trace 
fossils in abandoned channels. Both the softground and 
firmground suites of the Scoyenia ichnofacies, and even the 
subaqueous Mermia ichnofaeies in overbank deposits and 
ponds may occur as a result of increased accommodation 
(Buatois and Mangano, 2004a, 2007). If, during transgres- 
sion the alluvial plain becomes affected by marine processes 
(e.g. tides), depauperate examples of the brackish-water 
Skolithos and Cruziana ichnofacies may occur. This situ- 
ation is not uncommon because tidal influenee and brackish- 
water conditions may extend for tens of kilometers inland 
(Shanley et al, 1992). This trend in ichnofacies replacement 
is reversed under inereased sediment supply, and decreased 
fluvial accommodation leading to deltaic progradation, and 
increased establishment of channel bodies during the subse- 
quent highstand. 
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Figure 12.17 Autogenic examples of the Glossifungites ichnofacies. (a) Erosionally based distributary-channel deposits upon fine-grained interdistribu- 
tary-bay deposits. The Glossifungites ichnofacies, represented by Rhizocorallium (arrow), occurs at the base of the channel delineating an autogenic 
firmground. Lower Miocene, Tacata Field, Eastern Venezuela Basin. See Buatois et al. (2008). Core width is 9 cm. (b) Thin-bedded turbidites. The ero- 
sive base is delineated by an autogenic Glossifungites ichnofacies, illustrated by Rhizocorallium (arrow), representing an autogenic firmground. Lower 
Miocene, La Blanquilla Basin, Offshore Venezuela. Core width is 6.5 cm. (c) Cross-section view of a firmground Diplocraterion penetrating from the base 
of a turbidite sandstone. Lower Oligocene, Sub-Cergowa Beds, Szczawa-Centrum, Outer Carpathians, Poland. See Uchman and Cieszkowski (2008b). 
(d) Bedding-plane view of several specimens of firmground Diplocraterion filled with coarser-grained sediment. Lower Oligocene, Sub-Cergowa Beds, 
Szczawa-Centrum, Outer Carpathians, Poland. See Uchman and Cieszkowski (2008c). Scale bar is 1 cm. 



12.8 EVALUATION OF THE MODELS 



Even its critics recognized that sequence stratigraphy rep- 
resents a revolution in sedimentary geology (Miall, 1995). 
Undoubtedly, the success of ichnology as a tool in sequenee 
stratigraphy records an expansion of the discipline, which has 
greatly enhanced its value to solve problems in sedimentary 
geology and basin analysis, particularly in the petroleum indus- 
try. However, a series of misconceptions surrounds the applica- 
tion of ichnology in this field. The widely accepted belief that 
the Glossifungites ichnofacies indicates sequence boundaries is 
somewhat surprising despite the fact that its true significance has 
been reiterated in several papers (e.g. MacEachern et al., 1999a). 
As discussed above, in siliciclastic successions the Glossifungites 
ichnofacies delineates not only sequence boundaries, but also 
other surfaces, such as transgressive surfaces of erosion. 

In addition, while erosional exhumation due to relative sea- 
level changes is commonly invoked to explain occurrences of 
substrate-controlled ichnofacies in siliciclastic rocks, some 
surfaces may be autogenic (e.g. Mcllroy, 2007b; Buatois et al., 
2008; Yang et al., 2009). As noted by MacEachern et al. (2007b), 
regional correlation of the surface is essential to recognize its 
allogenic nature. Allogenic surfaces tend to be regionally map- 
pable and separate genetically unrelated facies successions. 

Examples of autogenic surfaces in marginal- and shallow-ma- 
rine settings are known to be produced due to erosion along the 
base of estuarine, distributary (Fig. 12.17a) and tidal channels, 
as well as cut-bank margins of tidal channels and creeks (e.g. 



Gingras et al., 2000; MacEachern et al., 2007c; Buatois et al., 
2008). Autogenic tidal scouring is a common process in a wide 
variety of subenvironments within tide-dominated deltas, further 
complicating recognition of firmgrounds produced by relative 
sea-level changes (Willis, 2005). Widely distributed examples of 
the Glossifungites ichnofacies have been noted to be associated 
with autogenic erosion in tidal channels of tide-dominated del- 
tas (Mcllroy, 2007). The Glossifungites ichnofacies also occurs as 
result of intense erosion in the zone of maximum wave energy of 
wave-dominated tidal flats (Yang et al., 2009). More rarely, firm- 
ground surfaces can form even without erosion, during pauses in 
lateral accretion of tidal point bars (Bechtel et al., 1994). 

In the deep-marine realm, different types of currents, includ- 
ing bottom, oceanic and turbidity currents (Fig. 12.17b-d), may 
significantly scour the sea bottom, exposing previously bur- 
ied firmground sediment to colonization (Ozalas et al., 1994; 
Savrda et al., 2001; Wetzel et al., 2008). Particularly relevant 
is the increased recognition that deep Diplocraterion of the 
Glossifungites ichnofacies occur commonly at the base of turbid- 
ite channels penetrating into muddy sediment and indicating sig- 
nificant erosion and bypass of coarser-grained sediment (Gibert 
et al., 2001a, b; Hubbard and Shultz, 2008; Gerard and Bromley, 
2008; Uchman and Cieszkowski, 2008c). Gerard and Bromley 
(2008) noted the more subtle presence of these firmground bur- 
rows not only at the base of channels but also within graded 
mudstone. Occurrence of firmground burrows penetrating from 
by-pass surfaces suggests the potential presence of thick sands in 
more axial and/or downcurrent positions of the channel. 




1 3 Trace fossils in biostratigraphy 



Invertebrate trace fossils can be used for the stratigraphic correlation of otherwise nonfossiliferous clastic sequences, provided that 
they share particular “fingerprints” and thus reflect behavioral diversification within taxonomically coherent groups of (commonly 
unknown) tracemakers. 

Dolf Seilacher 
Trace Fossil Analysis (2007) 



In contrast to body fossils, trace fossils are often character- 
ized by long temporal ranges and narrow facies ranges (see 
Section 1.2.8). As a consequence, trace fossils are highly useful 
in paleoenvironmental analysis and less so in biostratigraphic 
studies. Although most ichnogenera display long temporal 
ranges, it is also true that some biogenic structures can preserve 
specific fingerprints of their producers. If the producers record 
significant evolution, then the trace fossils may also yield bio- 
stratigraphic implications (Seilacher, 2007b). There are some 
ichnofossils that reflect particular kinds of animals in which 
body morphology and behavior underwent closely related evo- 
lutionary transformations through time (Seilacher, 2000). The 
more complex (in terms of fine morphological detail) a struc- 
ture is, the more direct its biological relationship, distinctive 
its behavioral program, and hence, larger its biostratigraphic 
significance. Historically invertebrate trace fossils have been 
applied in biostratigraphy in two main areas: the positioning 
of the Proterozoic-Cambrian boundary (e.g. Seilacher, 1956; 
Banks, 1970; Alpert, 1977; Crimes et ah, 1977; Narbonne et al., 
1987; Crimes, 1992, 1994; Jensen, 2003) and the establishment 
of relative ages in lower Paleozoic clastic successions based on 
Cruziana and related trilobite trace fossils (e.g. Seilacher, 1970, 
1992a, 1994; Crimes, 1975). In recent years, attempts have been 
made to incorporate other ichnotaxa, such as Arthrophycus 
and related trace fossils (e.g. Seilacher, 2000; Mangano et al., 
2005b). In the field of vertebrate ichnology, tetrapod trackways 
have a long tradition in biostratigraphy, particularly in upper 
Paleozoic-Mesozoic strata (e.g. Haubold and Katsung, 1978; 
Lucas, 2007). In this chapter we will address the utility of both 
invertebrate and vertebrate trace fossils in biostratigraphy. 

13.1 THE PROTEROZOIC-CAMBRIAN BOUNDARY 



Arguably, the most intensely researched area in ichnostratig- 
raphy is the Proterozoic-Cambrian boundary (Fig. 13.1). In 
fact, the Proterozoic-Cambrian boundary Global Standard 
Stratotype-section and Point (GSSP) has been established 
at the base of the Treptichnus pedum zone at Fortune Head, 



Newfoundland (Narbonne et al., 1987; Brasier et al., 1994; 
Landing, 1994). Subsequently, the Treptichnus pedum zone 
was extended approximately 4 m below the boundary at the 
GSSP (Gehling et al., 2001). Trace-fossil data are, therefore, 
essential to establish the position of the most important 
boundary in the stratigraphic record. 

Alpert (1977) established one of the first syntheses by defining 
three main groups of trace fossils. Group 1 contains ichnotaxa 
restricted to the Proterozoic (e.g. Harlaniella, Intrites). Since 
the trace-fossil origin of these structures has now been aban- 
doned (see Section 14.1.2), group 1 is no longer valid. Group 2 
includes all those ichnotaxa that occur for the first time in the 
Proterozoic, but range into the Phanerozoic (e.g. Helminthopsis, 
Helminthoidichnites). Finally, group 3 contains ichnotaxa 
that first occur in Lower Cambrian rocks (e.g. Diplocraterion, 
Arenicolites). Within this group, there are some ichnotaxa with 
a stratigraphic range restricted to the Lower Cambrian, such as 
Syringomorpha nilssoni (Fig. 13.2a), Psammiclmites gigas (Fig. 
13.2b), and Didymaulichnus miettensis (Fig. 13.2c). 

Further research by Crimes (1987, 1994), Narbonne et al. 
(1987), Walter et al. (1989), MacNaughton and Narbonne 
(1999), and Jensen (2003) led to the definition of a series of bio- 
stratigraphic zones encompassing the Proterozoic-Cambrian 
boundary. In particular, Jensen (2003) presented a tentative 
biostratigraphic scheme that includes six zones: three in the 
Neoproterozoic and three in the Lower Cambrian. The lower- 
most Neoproterozoic zone supposedly consists of simple hori- 
zontal trace fossils assigned to Planolites, but its validity is still 
questionable (Jensen et al, 2006) and is not considered here. 

Accordingly, a scheme of two Ediacaran zones and three 
Lower Cambrian zones is adopted (Fig. 13.3). The lower 
Ediacaran zone consists of poorly specialized grazing trails, 
such as Helminthoidichnites, Helminthopsis, and Archaeonassa. 
Dickinsonid and Kimberella trace fossils occur also in this zone 
(see Section 14. 1.2). Dickinsonid resting traces have been attrib- 
uted to the recently proposed ichnogenus Musculopodus (Getty 
and Hagadorn, 2008), but they differ from the type specimens 
of this ichnotaxon and, therefore, they best represent a new, 
still unnamed ichnogenus. Kimberella rasping trace fossils have 
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Figure 13.1 Treptichnus pedum, 
whose first appearance indicates the 
Proterozoic-Cambrian boundary, 
(a) Dolf Seilacher pointing towards 
the image of a pedum (i.e. crook) 
carved on a wall of a Tubingen 
church, where he lived while a univer- 
sity student after the Second World 
War. Photo taken in the summer 
of 2003. (b) Treptichnus (Phycodes) 
pedum. Lower Cambrian, Nobulus 
Shale, Salt Range, Pakistan. 
Seilacher introduced this ichnospe- 
cies in a classic paper on the ichnol- 
ogy of the Salt Range Cambrian 
in 1955. (c) Treptichnus (Phycodes) 
pedum. Lower Cambrian, Klipbak 
Formations, Brandkop Subgroup, 
Gannabos Farm, South Africa. 
Scale bars are 1 cm. 



been included in Radulichnus (Seilacher et al., 2005). This lower 
Ediacaran zone is represented in the Ediacara Member of South 
Australia (Gehling et ah, 2005) and the Ust Pinega Formation of 
the White Sea, Russia (Fedonkin, 1985). The age of this interval 
is approximately 560-550 Ma (Martin et al., 2000; Jensen et al., 
2006). The upper Ediacaran zone includes the oldest branching 
burrow systems (Treptichnus and S treptichnus), as well as three- 
lobate trace fossils similar to Curvolithus. This zone is repre- 
sented in the Urusis Formation of the Nama Group in Namibia 
(Jensen et al., 2000). Radiometric dating in Namibia indicates 
that this zone is approximately bracketed between 550 and 542 
Ma (Grotzinger et al., 1995; Jensen et al., 2006). 

The lowermost Lower Cambrian zone is referred to as the 
Treptichnus pedum zone, and is of Fortunian age. Its base, 
the Proterozoic-Cambrian boundary, is marked by the first 
appearance of T. pedum. The zone also contains Gyrolithes 
polonicus and Bergaueria. This zone has been identified in many 
sections worldwide, including the Chapel Island Formation 
of Avalon Peninsula, Newfoundland (Narbonne et al., 1987; 
Droser et al., 2002), the upper interval of the Ingta Formation 
in the Mackenzie Mountains, Canada (MacNaughton and 
Narbonne, 1999), and the Nomtsas Formation of Namibia 
(Crimes and Germs, 1982; Geyer and Uchman, 1995), 
among many other areas. The Rusophycus avalonensis zone 
contains the oldest bilobate, trilobite-like resting traces 
(R. avalonensis) together with a bilobate epichnial trail that has 
been historically referred to as Taphrelminthopsis circularis. 



although it should be removed from this ichnogenus (Jensen 
et al., 2006). This zone has been identified in the Chapel 
Island Formation of Avalon Peninsula (Narbonne et al., 
1987), and the Backbone Ranges Formation and lower inter- 
val of the Vampire Formation in the Mackenzie Mountains 
(MacNaughton and Narbonne, 1999). The Cruziana tenella (= 
problematica) zone contains the oldest bilobate, trilobite-like 
locomotion traces (Cruziana problematica) together with large 
back-filled traces (Psammichnites gigas). This zone occurs in 
the middle to upper interval of the Vampire Formation in the 
Mackenzie Mountains (MacNaughton and Narbonne, 1999). 

To a large extent, this biostratigraphic scheme is based on 
shallow-marine ichnofaunas, which were considerably more 
diverse than their deep-marine counterparts by the Ediacaran- 
Cambrian (Buatois and Mangano, 2004). The ichnogenus 
Oldhamia has a widespread distribution, particularly in Lower 
Cambrian deep-marine deposits and its potential in biostratig- 
raphy has been noted (e.g. Seilacher, 1974, 2007b; Lindholm 
and Casey, 1990; Seilacher et al, 2005; MacNaughton, 2007). 
Oldhamia curvata, O. radiata (Fig. 13-2d), and O. flabel- 
lata are known from Lower Cambrian rocks, and O. antiqua 
has been recorded in Lower Cambrian to, more rarely, lower 
Middle Cambrian rocks (Seilacher et al, 2005). Unfortunately, 
Oldhamia typically occurs in intensely tectonized rocks that 
are devoid of body fossils, and extensive empirical support to 
proposed evolutionary lineages (Lindholm and Casey, 1990; 
MacNaughton, 2007) is not available yet. 
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Figure 13.2 Typical Lower Cam- 
brian trace fossUs. (a) Syringomorpha 
nilssoni. Campanario Formation, 
Alfarcito Hills, northwest Argentina. 
See Mangano and Buatois (2004a). 
(b) Psammichnites gigas ( = Plagio- 
gmus arcuatus). Parachilna Forma- 
tion, Ediacara Hills, Australia. See 
Gehling (2002). (c) Didymaulichnus 
miettensis. Meishucun Formation, 
Meishucun, Yunnan Province, China. 
See Crimes and Jiang (1986). (d) 
Oldhamia antiqua. Grand Pitch 
Formation, Maine, United States. 
See Seilacher et al. (2005). Scale bars 
are 1 cm. 



13.2 CRUZIANA STRATIGRAPHY 



The so-called Cruziana stratigraphy was first developed in the 
seventies and early eighties based on rocks containing trilobite 
trace fossils from Wales and Spain, particularly of Furongian 
(Late Cambrian)-Early Ordovician age (e.g. Crimes, 1969, 
1970a, b, 1975; Seilaeher, 1970; Moreno et al, 1976; Baldwin, 
1977; Crimes and Marcos, 1976; Pickerilleta/., 1984b). However, 
it was Seilacher (1970, 1990b, 1992a) who further developed the 
time range and geographic extension of the model. Additional 



studies have considerably extended this ichnostratigraphic 
scheme by documenting Cruziana and related ichnotaxa from 
the Lower Cambrian (Series 2) of Western Canada (Magwood 
and Pemberton, 1990; Seilacher, 1994), Sweden (Jensen, 1990, 
1997), Lower to Middle Cambrian of Argentina (Mangano 
and Buatois, 2003b), and Egypt (Seilacher, 1990b), and Jordan 
(Seilacher, 1990b); Middle Cambrian (Series 3) of Spain (Legg, 
1985), and Poland (Orlowski, 1992); Middle Cambrian to Lower 
Ordovieian of Norway (Knaust, 2004b); Furongian-Lower 
Ordovieian of Argentina (Mangano et al., 1996b; 2001b, 2002c, 
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Figure 13.3 Trace-fossil zones spanning the Ediacaran-Cambrian 
boundary (modified from Jensen, 2003). As noted by Jensen et al. (2006), 
evidence for a lowermost Ediacaran zone characterized by Planolites is 
questionable and, therefore, it has been omitted here. 

2005a; Mangano and Buatois, 2003a), Libya (Seilacher et al., 
2002), Poland (Radwanski and Roniewicz, 1963, 1972; Orlowski 
et al., 1971; %linska, 1999), and Eastern Canada (Seilacher 
and Crimes, 1969; Bergstrom, 1976; Pickerill and Pillion, 1983; 
Pillion and Pickerill, 1990); Lower Ordovician of Saudi Arabia 
(El Khayal and Romano, 1988), and Australia (Draper, 1980; 
Webby, 1983); Upper Ordovician of United States (Osgood, 
1970), and Eastern Canada (Stanley and Pickerill, 1998); and 
Upper Ordovician-Lower Silurian (Llandovery) of Argentina 
(Seilacher et al., 2004; Seilacher, 2005), Libya (Seilacher, 1996, 
2005; Seilacher et al., 2004), Benin (Seilacher and Alidou, 1988), 
and Chad (Seilacher et al., 2004). 

The Cruziana stratigraphy is based on ribbon-like bilob- 
ate structures {Cruziana sensu s trie to) and coffee bean-shaped 
structures {Rusophycus) identified at ichnospecies level. 



Although trilobites were the most likely producers of these 
structures in lower Paleozoic marine settings, other arthropods 
may have been involved. Other arthropod trace fossils (e.g. 
Dimorphichnus) have been proposed as having biostratigraphy 
utility (Seilacher, 1990b). However, their use is still limited. 
Cruziana and Rusophycos ichnospecies are based on fine mor- 
phological features, particularly the so-called “claw formula” 
(i.e. the fingerprint left by claws or setae present in the distal 
part of the walking appendages). However, as leg morphology 
may be convergent in different groups of trilobites, other fea- 
tures reflecting burrowing behavior (e.g. presence of cephalic 
impressions, coxal marks, exopodal brushings, pleural or genal 
spine impressions) are also included in defining a particular 
ichnotaxon. If leg morphology displays high rates of evolu- 
tionary change, then it is possible to establish narrow strati- 
graphic ranges for the different ichnospecies of Cruziana and 
Rusophycus. The most likely correlation is between a particu- 
lar ichnospecies of Cruziana and a number of trilobite species 
probably phylogenetically related (i.e. belonging to the same 
family). Eortey and Seilacher (1997) showed the co-occurrence 
of C. semiplicata and Maladiodella. However, C. semiplicata 
is common ichnospecies in the Furongian to Tremadocian of 
northwest Argentina, where Maladiodella has not been recorded. 
The same discrepancy has been noted in the Furongian of the 
Holy Cross Mountains in Poland (Zylinska, 1999). It is clear that 
C semiplicata can be produced by other olenids. 

Cruziana stratigraphy has been essentially developed for 
Gondwana, where more than 30 ichnospecies of Cruziana (and 
Rusophycus) with biostratigraphic significance have been identified 
(Seilacher, 1970, 1992a). The stratigraphic ranges of these ichno- 
species comprise between one and three series, but the majority of 
these ichnotaxa are restricted to only one or two series (Fig. 13.4). 
The most extensive dataset comes from the Furongian to Middle 
Ordovician interval, although recent improvements have been 
produced for the Lower Silurian (Llandovery) (Seilacher, 1996) 
(Figs. 13.5a-j and 13.6a-h). In the stratigraphic scheme proposed 
by Seilacher (1970, 1992a), Cruziana ichnospecies are in turn clus- 
tered into groups. This author recognized 1 1 groups throughout 
the Paleozoic (e.g. dispar group, semiplicata group, rugosa group). 
Groups are defined based fundamentally on the claw formula as 
recorded by scratch-mark morphology and grouping. However, if 
claw marks are too small, the presence of well-developed exopo- 
dal marks and lobes can be used (e.g. semiplicata group). Some of 
these groups display wide geographic distribution validating their 
use in biostratigraphy. However, many are known only from their 
type localities. Some of these groups may have just one appear- 
ance in the stratigraphic record (e.g. semiplicata group), but oth- 
ers may characterize more than one stratigraphic interval. For 
example, the omanica group is mostly Furongian-Tremadocian, 
but reappears in the Caradocian (represented by C petraea) and 
the Lower Silurian (Llandovery) (C. acacensis). According to 
Seilacher (1970, 1992a), the Lower Cambrian (Series 2) is repre- 
sented by the fasciculata group, while the dispar group spans the 
Lower to Middle Cambrian (Series 2 to 3). However, C fasciculata 
has been recently recorded in Upper Cambrian rocks (Mangano 
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Figure 13.4 Cruziana and Rusop- 
hycus stratigraphy. Some of the strati- 
graphic ranges should be regarded as 
tentative due to limited occurrences. 
Cruziana rugosa comprises three 
ichnosubspecies, C. rugosa rugosa, 
C. rugosa goldfussi, and C. rugosa 
furcifera. Modified from Seilacher 
(1992a). 



and Buatois, 2003a). The semiplicata group characterizes the 
Lower Cambrian to Tremadocian. The rugosa group is typically 
Arenigian-Llanvirnian, while the imbricata group seems to be 
restricted to the Arenigian. The Caradocian eontains the almaden- 
ensis group, although one of its ichnospecies (C. pedroana) is 
Upper Silurian (Ludlow-Pridoli). The Ashgillian is eharaeterized 
by the distinctive carleyi group, while the pudica group spans the 
Caradocian-Lower Carboniferous. The quadrata group is Lower 
Silurian-Devonian. The costata group seems to be restricted to 
the Carboniferous, but the true affinities of C costata are doubt- 
ful. To illustrate Cruziana stratigraphy, we will address the dispar, 
semiplicata, and rugosa groups in more detail. 

The dispar group consists of forms with several, but unequal, 
sharp scratch marks, revealing typically two but up to three sec- 
ondary claws in front of the large primary one (Seilacher, 1970, 
1992a). The group includes Rusophycus dispar (Fig. 13.5a), a 
typical Lower Cambrian (Series 2) ichnospecies known from 
Sweden and Poland, and C. salomonis (Fig. 13.5c), a Middle 
Cambrian (Series 3) ichnospecies from Jordan (Mangano et al., 
2007). Cruziana harhata-Rusophycus barbatus (Fig. 13.5d), 
known from the Middle Cambrian of Spain, Poland, Turkey, 
and China, are also in the dispar group. 

The semiplicata group is not based on a claw formula because 
endopodal scratch marks are commonly too small; prominent 
exopodal “brushings” defining external lobes flanked by mar- 
ginal thin ridges represent the diagnostic features (Crimes, 1969, 
1970a; Seilacher, 1970, 1992a). Cruziana semiplicata (¥ig. 13.5k), 
a common ichnospecies in Furongian-Tremadocian roeks, is 
the most typical ichnotaxa of the group, having been recorded 
in Argentina, Eastern Canada, Wales, Spain, Poland, and Oman 
(Seilacher, 1970, 1992a). Cruziana semiplicata, eharaeterized by 
lateral exopodal brushings and typically trifid endopodal marks, 
is most likely paleobiologically related to olenids (Crimes, 1970a, 
b; Orlowski et al, 1970; Fortey and Seilacher, 1997; Zylinska, 
1999), although Bergstrom (1973, 1976) proposed selenopleu- 
raceans as possible tracemakers. Other ichnospecies included in 
this group are C. aegyptica, R. aegypticus, C. arizonensis (Fig. 



13. 5e), C. torworthi, R. leifeirikssoni (Fig. 13. 5f), R. moyensis 
(Fig. 13. 5i), and R. polonicus (Fig. 13. 5h). Cruziana aegyptica, 
and R. aegypticus occur in Middle Cambrian rocks of Jordan 
(Mangano et al, 2007), probably extending into the Lower 
Cambrian in its type locality in Egypt (Seilacher, 1990b), while 
C. arizonensis is Middle Cambrian (Seilacher, 1992a). The strati- 
graphic range of C. torworthi, R. moyensis, and R. polonicus is 
roughly coincident with that of C. semiplicata. Rusophycus lei- 
feirikssoni was originally recorded from Furongian-Tremadocian 
rocks of Eastern Canada (Bergstrom, 1976; Fillion and Pickerill, 
1990), but is also known from older units (Lower to Middle 
Cambrian) in Argentina (Mangano and Buatois, 2003b). 

Together with the semiplicata group, the rugosa group dis- 
plays well-constrained stratigraphic distribution, and a dis- 
tinctive and easy to identify morphology. The rugosa group 
is characterized by typically seven to ten, but up to twelve 
subequal claws; exopodial markings are absent (Seilacher, 
1970, 1992a). The group includes C. rugosa rugosa, C. rugosa 
goldfussi, and C. rugosa furcifera (Fig. 13.5k), which occur in 
Arenigian-Llanvirnian rocks and, therefore, are useful to place 
the Tremadocian-Arenigian boundary. However, an over- 
lap between some of the ichnotaxa of the rugosa group and 
C. semiplicata has been noted in the upper Tremadocian in 
some regions (Baldwin, 1975, 1977; Mangano and Buatois, 
2003a). In addition, Seilacher (1992a) indicated that the rugosa 
group could extend into the Caradocian in quartzite facies in 
Bolivia. Recent biostratigraphic work by Egenhoff et al. (2007) 
confirmed the Caradocian age of the rugoja-bearing strata. 
Although the presence of C. rugosa furcifera, C. rugosa goldfussi, 
and C. rugosa rugosa in Lower Cambrian (Series 2) rocks of 
Eastern Canada has been reported (Magwood and Pemberton, 
1990), specimens were subsequently assigned to a new ichno- 
species, C. pectinata, upon reanalysis (Seilacher, 1994). The dis- 
tinctive multiple and sharp scratch marks of the rugosa group 
generated a debate concerning their origin, with some authors 
suggesting production by multi-clawed endopodites (Seilacher, 
1970, 1992a; Baldwin, 1977; Mangano and Buatois, 2003a) 






Figure 13.5 Cambrian to Lower Ordovician Cruziana and Rusophycus. (a) Rusophycus dispar forming clusters. Lower Cambrian, Mickwitzia Sandstone, 
Vastergotland, Sweden. Coin is 1.9 cm. See Jensen (1997). (b) Cruziana fasciculata displaying sets of at least five endopodal fine scratch marks. Lower Cambrian, 
Herreria Sandstone, Bonar, Spain. See Seilacher (1970). (c) Cruziana salomonis showing scratch marks produced by strong proverse front legs (left) and weaker ret- 
roverse rear legs (right). Middle Cambrian, Burj Formation, Zerka Main, Jordan. See Seilacher (1990b) and Mangano et al. (2007). (d) Cruziana harhata with prom- 
inent front leg markings. Middle Cambrian, Obersfar Quartzite, Bonar, Spain. See Seilacher (1970). (e) Rusophycus arizonensis ( - Cruziana-arizonensis). Endopodal 
scratch marks are bordered and partially covered by exopodal scratch marks. Middle Cambrian, Tapeats Sandstone, Kaibab Trail, Grand Canyon, Arizona, United 
States. See Seilacher (1970). (f) Rusophycus leifeirikssoni. Posterior view showing axial groove and two lobes covered by coarse endopodal marks and thin exopodal 
marks. Lower to Middle Cambrian, Campanario Formation, Angosto del Morro de Chucalezna, Quebrada de Humahuaca, northwest Argentina. See Mangano 
and Buatois (2003b). (g) Rusophycus latus showing prominent endopodal scratch marks. Lower Ordovician, Scopes Range Beds, west of Bilpa, New South Wales, 
Australia. See Webby (1983). (h) Rusophycus polonicus with well-preserved coxal impressions between endopodal lobes. Upper Cambrian, Wisniowka Sandstone 
Formation, Wielka Wisniowka, Holy Cross Mountains, Poland. See Orlowski et al. (1970). (i) Rusophycus moyensis displaying central area and lobes covered by well- 
developed endopodal scratch marks. Upper Cambrian to Tremadocian, Alfarcito Member, Santa Rosita Formation, Angosto del Morro de Chucalezna, Quebrada 
de Humahuaca, northwest Argentina. See Mangano et al. (2002c). (j) Cruziana semiplicata displaying marginal furrows, exopodal external lobes with delicate scratch 
marks oriented subparallel to the axis, and endopodal lobes with scratch marks at an acute angle with respect to axis. Tremadocian, Guayoc Chico Group, Angosto 
del Moreno, northwest Argentina. See Mangano and Buatois (2003a). (k) Cruziana rugosa furcifera showing sharp, regular scratch marks forming a highly variable 
V-angle. Arenigian-Llanvirnian, Mojotoro Formation, Quebrada del Gallinato, northwest Argentina. See Mangano et al. (2001b). All scale bars are 1 cm. 
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Figure 13.6 Upper Ordovician to Lower Silurian Cruziana and Rusophycus. (a) Cruziana pelraea with rounded and subequal scratch marks. Upper 
Ordovician, Sabellarifex Sandstone, Sahl-el Karim, Jordan. See Seilacher ( 1 970). (b) Cruzianaflammosa with flame-like front leg scratch marks. Upper 
Ordovician, Sabellarifex Sandstone, Sahl-el Karim, Jordan. See Seilacher ( 1 970). (c) Rusophycus almadenensis {= Cruziana-almadenensis) displaying 
radiating palm-tree scratch pattern. Upper Ordovician, Sabellarifex Sandstone, Sahl-el Karim, Jordan. See Seilacher ( 1 970). (d) Rusophycus perucca 
(= Cruziana perucca) showing typical deep wig-like structures as a result of front leg action. Upper Ordovician, Conularia Sandstone, north- 
west of Mudawwara, Jordan. See Seilacher (1970). (e) Rusophycus radialis (= Cruziana radialis) characterized by large size, radial scratch pat- 
tern, and well-developed coxal impressions. Upper Ordovician, Mithaka Formation, Toko Range, Queensland, Australia. See Draper (1980). 

(f) Cruziana acacencis sandalina displaying typical Turk sandal-shape Lower Silurian, Acacus Sandstone, Sebha Ghat, Libya. See Seilacher (1996). 

(g) Cruziana quadrata displaying its diagnostic rectangular cross section and oblique multiple scratch marks on endopodal lobes. Lower Silurian, 
Acacus Sandstone, Wadi Tanezzuft, Libya. See Seilacher (1970). (h) Cruziana ancora ibex showing anchor-shaped extension. Lower Silurian, 
Fada Oasis, Chad. See Seilacher (1970). All scale bars are 1 cm. All coins are 1.9 cm. 
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Box 13.1 Cruziana stratigraphy in the lower Paleozoic of northern Africa 

The potential of Cruziana stratigraphy is particularly evident in the case of unfossiliferous sandstones. Ordovician-Silurian 
outcrops of the Kufra Basin in remote areas of the Sahara, southeast Libya, have been particularly appropriate for applying 
this tool. Nearshore prograding sandstone wedges advanced from south to north interfingering with anoxic shelf black shale. 
The black shale has been dated based on graptolites, but correlation with the sandstone wedges is complicated due to the 
absence of body fossils in these coarser-grained tongues. However, the presence of several Cruziana ichnospecies in the sand- 
stone facies allows dating of the clastic wedges and correlation with their distal equivalents. The southernmost succession, 
exposed close to the boundary with Chad, contains elements of the rugosa group, namely C. rugosa goldfussi and C. rugosa 
furcifera, suggesting an Arenigian-Llanvirnian age for the Hawaz Formation. The overlying Memouniat Formation lacks trace 
fossils and probably records deposition in fluvial environments. Towards the north, a coarsening-upward succession is exposed, 
recording the vertical transition from black shale of the Tanezzuft Formation into the Akakus Sandstone. The presence of 
Cruziana acacensis indicates a Lower Silurian age for the sandstone wedge. Further north, the slightly younger C quadrata 
and C. pedroana are present in the next overlying sandstone wedges. Interestingly, the only ichnosubspecies of C. acacensis 
recorded in the area is C. acacensi plana, a simpler variant that is assumed to be older than the most complex ichnosubspecies 
(C acacensis sandalina, C. acacensis retroversa, and C acacensis laevigata), which occur upward into the Acacus Sandstone, 
but in the Murzuk Basin of western Libya. Overall, the integration of Cruziana stratigraphy with graptolite data allows recon- 
structing the northward diachronic progradation of nearshore clastic wedges into shelf settings. 

References: Seilacher (1996); Seilaclier et al. (2002). 



and others favoring comb-like exopodites (Bergstrom, 1973; 
Crimes and Marcos, 1976). Based on geographic distribution 
and size, the most likely tracemakers are asaphacean trilobites 
(Bergstrom, 1973, 1976; Fillion and Pickerill, 1990; Mangano 
et ah, 2001b; Neto de Carvalho, 2006). 

Although Cruziana stratigraphy allows relative dating of 
sandstones lacking body fossils (Box. 13.1), it remains an 
underexplored paradigm. There are some possible reasons 
for this. First, this methodology requires a careful evaluation 
of fine morphological details, including determination of the 
“claw formula”. Poorly preserved material or a small sample 
(that fails to represent the ethological variability of the ich- 
notaxon) are common problems. However, this may be over- 
come with critical analysis based on adequate sampling and 
avoiding determinations or proposal of new ichnotaxa based 
on fragmentary material. Second, anomalies within the model 
have created doubts about the validity of the proposed bio- 
stratigraphic scheme. In some cases (e.g. the rugosa group in 
Lower Cambrian rocks), subsequent re-analysis and solving 
of the anomaly has reinforced the model (Seilacher, 1994). 
In others (e.g. rugosa group in Caradocian rocks), additional 
research led to the extension of the originally proposed strati- 
graphic range of key Cruziana ichnospecies (e.g. Mangano and 
Buatois, 2003a; Egenhoff et al., 2007). Third, several Cruziana 
ichnospecies are only known from their type localities or from 
a few localities, whose age in some cases has probed to be 
incorrect (e.g. C. salomonis, see Mangano et al., 2007). To 
complicate matters, independent biostratigraphic evidence 
(e.g. body fossils and radiometric dating) is commonly absent 
in many of these localities. Finally, identification of Cruziana 
ichnospecies and ichnosubspecies requires a fair amount of 
background understanding about trilobite behavior and anat- 
omy (Seilacher, 1970, 1985, 1992a; Bergstrom, 1973). In any 



case, specific technical expertise is required with any fossil 
group of biostratigraphic significance and, therefore, trace 
fossils are not an exception. Undoubtedly, there is a need for 
further studies, particularly in areas where independent pale- 
ontological evidence based on body fossils or radiometric dat- 
ing may allow testing and further developing of the Cruziana 
stratigraphy paradigm. 

13.3 ARTHROPHYCID STRATIGRAPHY 



There is yet another group of trace fossils (Arthrophycus, 
Daedalus, and Phycodes), included in the ichnofamily 
Arthrophycidae, which has been proposed as yielding biostrati- 
graphic significance (Seilacher, 2000). Although these trace 
fossils cannot be confidently assigned to a particular group of 
organisms, the different ichnotaxa included in this ichnofamily 
share regular transverse ridges and a teichichnoid spreite. 

In particular, the ichnogenus Arthrophycus is abundant and 
widespread in Ordovician and Silurian strata, specifically in 
shallow-marine epeiric quartzites and quartzose sandstones. 
According to Seilacher (2000), Arthrophycus has a distinct strati- 
graphic range and can be used as a biostratigraphic index in 
Ordovician-Silurian rocks. Five ichnospecies are known at pre- 
sent: A minimus, A. brongniartii (= A. linearis), A. alleghanien- 
sis, A. lateralis, and A. parallelus (Mangano et al., 2005b; 
Brandt et ah, 2010). Arthrophycus minimus consists of shallow, 
small, long, regularly annulated hypichnial elements display- 
ing subcircular to squarish cross-section and a ventral median 
groove; palmate, fan-like structures and scribbling patterns are 
absent, but a few side branches may occur (Mangano et al, 
2005b) (Fig. 13.7a). Arthrophycus minimus is known in Upper 
Cambrian (Furongian) to Lower Ordovician rocks and displays 
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Figure 13.7 Typical Arthrophycus 
ichnospecies used in biostratigraphy, 
(a) Arthrophycus minimus. Upper 
Cambrian-Lower Ordovician, Santa 
Rosita Formation, Angosto del Morro 
de Chucalezna, northwest Argentina. 
Scale bar is 1 cm. See Mangano et al. 
(2005b). (b) Arthrophycus brongni- 
artii (= A. linearis) retrusiva. Lower 
Silurian, Acacus Sandstone, Acacus 
Mountains, Libya. Coin is 1.9 cm. 
See Seilacher (2000). (c) Arthrophycus 
alleghaniensis. Lower Silurian, 
Medina Sandstone, Rochester, 
United States. Coin is 1.9 cm. See 
Seilacher (2000). (d) Arthrophycus 
lateralis. Lower Silurian, Acacus 
Sandstone, Takharkhuri Pass, Libya. 
Polished slab (lower left) shows sprei- 
ten pattern. Scale bar is 1 cm. See 
Seilacher (2000). 



an exploratory behavioral pattern that is simpler than that of the 
younger Arthrophycus ichnospecies, which is consistent with its 
basal position within the arthrophyeid lineage (Mangano et al, 
2005b). Arthrophycus hrongniartii consists of shallow, straight to 
gently curved elements having no or few side branches (Seilacher, 
2000; Rindsberg and Martin, 2003) (Fig 13.7b). This ichnospe- 
eies ranges from the Lower Ordovician to the Lower Silurian. 
Arthrophycus alleghaniensis eomprises three-dimensional pal- 
mate bundles of tunnels typically displaying vertically retru- 
sive spreite (Fig 13.7c), and A. lateralis consists of fan-shaped 
structures, in which branches bend only to one side having a 
horizontal protrusive spreite (Seilacher, 2000) (Fig 13. 7d). Both 
iehnospecies are only known from the Lower Silurian. Finally, A. 
parallelus consists of elongate tunnels with well-developed annu- 
lations, showing a parallel to sub-parallel orientation (Brandt 
et al., 2010). This ichnospecies has been introduced by Brandt 
et al. (2010) based on Carboniferous specimens and represents 
the youngest confident occurrence of this ichnogenus. 

The ichnogenus Daedalus also seems to have biostratigraphic 
potential. While the ichnospecies D. labechei, D. halli, and D. 
desglandi are apparently restricted to the Lower Ordovician, 
D. multiplex is only known from the Middle Ordovieian, and 
D. verticalis and D. archimedes occur in the Lower Silurian 
(Seilacher, 2000). According to Seilacher (2000), some ichno- 
species of Phycodes may be useful in biostratigraphy. Phycodes 
circinatum is widespread in the Tremadocian, while P. fusiforme 
is only known from the Upper Arenigian. Phycodes parallelum 
ranges from the Upper Arenigian to the Lower Llanvirnian, 
and P. flabellum is only present in the Caradocian-Ashgillian. 

In short, as in the ease of Cruziana stratigraphy, the 
Arthrophyeid stratigraphy provides an alternative to date and 
eorrelate lower Paleozoic quartzites and quartzose sandstones 
that commonly lack body fossils. The amount of evidence sup- 
porting the scheme is uneven. Some ichnospeeies are wide- 
spread, while others are only known from one or two localities. 



We can certainly consider that this paradigm is still in a state 
of flux. Further fieldwork will most likely adjust and add to the 
original ichnostratigraphic proposal. 

13.4 OTHER INVERTEBRATE ICHNOTAXA 



Besides those iehnotaxa apparently restricted to the Lower 
Cambrian and those included in the Cruziana and arthrophyeid 
stratigraphy, there are a few other invertebrate ichnofossils that 
seem to have a more restricted stratigraphic distribution. One of 
these ichnogenera is Climactichnites (Fig. 13.8a) and its associ- 
ated resting trace Musculopodus, which are only known from 
the Upper Cambrian (Yochelson and Fedonkin, 1993; Getty 
and Hagadorn, 2008, 2009). 

Heimdallia (Fig. 13.8b) is apparently restricted to Upper 
Ordovieian-Devonian strata, mostly in nearshore settings, 
PI. chatwini being the most typical ichnospecies (e.g. Bradshaw, 
1981; Trewin and MeNamara, 1995; Hunter and Lomas, 2003; 
Bradshaw and Harmsen, 2007). A potential Lower Ordovieian 
occurrenee of H. chatwini (Fillion and Pickerill, 1990) requires 
further analysis. Another ichnospecies, H. zigzag, occurs in the 
Lower Silurian (Seilacher and Alidou, 1988; Seilacher 2007b). 
A slightly younger representative, Heimdallia mullaghmori, is 
known from the Lower Carboniferous (Buckman, 1996). 

The ichnogenus Dictyodora also displays a restricted strati- 
graphic distribution, which is of biostratigraphic significance 
(Seilacher 1967a; Benton and Trewin, 1980; Uchman, 2004a). 
Dictyodora simplex is Cambrian-Ordovician, while D. scotica 
and D. tenuis are Ordovician-Silurian. Others ichnospecies dis- 
play more restricted ranges, such as the Ordovician D. zimmer- 
manni, the Silurian D. silurica, and the Early Carboniferous D. 
liebeana (Fig. 13.8c). 

Some graphoglyptids have narrower stratigraphic ranges 
than less complex iehnotaxa (Uchman, 2004a). For example. 
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Figure 13.8 Other invertebrate trace 
fossils showing restricted stratigraphic 
ranges, (a) Climactichnites wilsoni 
cross-cutting desiccation cracks. 
Upper Cambrian, Cairnside 
Formation, Postdam Group, slab 
exhibited at the Fossil Garden at 
Buisson Point Archaeological Park, 
Melocheville, Quebec, Canada. Coin 
( upper center) is 2 .4 cm. (b) Heimdallia 
chatwini. Ordovician, Peninsula 
Formation, Table Mountain Group, 
Matjiesgloof Farm, South Africa. 
Scale bar is 10 cm. (c) Dictyodora lie- 
beana. Lower Carboniferous, Cabo 
de Favaritz Beds, Menorca, Spain. 
Scale bar is 3 cm. (d) Ghckerichnus 
alata. Lower to Middle Eocene, 
Tarcau Sandstone, Teherau Valley, 
Romania. Scale bar is 10 cm. 



Ghckerichnus alata (Fig. 13. 8d) is only known from the Eocene, 
while Rotundusichnium zumayense occurs in Maastrichtian- 
Eocene. Flowever, most of graphoglyptid ichnotaxa have longer 
stratigraphic ranges, essentially from the Cretaceous to the 
Neogene (Uchman, 2003, 2004a). 

Crustaeean burrows having bilobate segments with seratch 
marks were originally referred to a new ichnospecies, Cruziana 
seilacheri (Zonneveld et al., 2002), but belong in some of the 
iehnogenera eurrently available for burrow systems, most likely 
Spongeliomorpha (Knaust, 2007). This form is at present only 
known from the Middle Triassie. 

Genise (2004) reviewed the stratigraphic range of inseet 
trace fossils in paleosols. Most of these ichnotaxa range from 
the Paleogene. Of these, Eatonichnus is only known from the 
Paleoeene-Eocene, and Teisseirei from the Eocene-Oligocene. 
Although the temporal resolution of these ichnotaxa is too 
crude, the presence of some of these inseet trace fossils may be 
useful to differentiate Cenozoic paleosols from older terrestrial 
strata (Genise et al., 2000). 

The stratigraphic distribution of macro- and microborings has 
been reviewed by Bromley (2004), and Glaub and Vogel (2004). 
Bromley (2004) concluded that the temporal ranges of borings 
are too long to allow their use in biostratigraphy. Flowever, first- 
appearance data may have some applications in biostratigraphy. 
More restricted temporal ranges are displayed by bioclaustrations 
(Tapanila, 2005; Tapanila and Ekdale, 2007). Although some of 
the most abundant forms (e.g. Tremichnus) have long temporal 
ranges, other less-widespread iehnogenera (e.g. Catellocaula, 
Diorygma, Hicetes, Klemmatoica, and Torquaysalpinx) seem to 
be restricted to one to four stages, a resolution unparalleled by 
any other ichnotaxa. Because many of these forms are poorly 
known, further documentation of these ichnotaxa may be neces- 
sary to test their biostratigraphic significance. 



13.5 TETRAPOD TRACKWAYS 



Tetrapod trackways are known since the early Middle Devonian 
(Niedzwiedzki et al., 2010), being particularly abundant in 
marginal-marine to continental deposits since the Carboniferous 
(Lucas, 2007). This group of trace fossils has been extensively 
used in biostratigraphy. In fact, the tradition of using trace 
fossils in biostratigraphy is more firmly entrenched among 
vertebrate ichnologists than among invertebrate ichnologists. 
Lucas (2007) provided an exhaustive review of tetrapod track- 
way biostratigraphy, addressing a series of limiting factors that 
complicate use of vertebrate footprints in this field. 

As in the case of invertebrate ichnology, some of these prob- 
lems are connected with taxonomy (see Section 2.6). The uneven 
quality of footprint ichnotaxonomy complicates the reliability 
of biostratigraphic zonations. Ichnotaxa based on extramor- 
phological features result from a splitting approach to tax- 
onomy. Biostratigraphic zonations based on this approach give 
the false appearance of stratigraphic resolution because they 
include a large number of biozones, which are, in fact, unsound 
and simple artifacts of poor taxonomic practice. Zonations 
based on better defined ichnotaxa are sound, albeit with limited 
resolution. This is because vertebrate iehnogenera do not cor- 
respond to tetrapod genera, but to higher-rank taxonomic levels 
(e.g. families and groups), and the most precise biostratigraphic 
schemes are based on genus- or species-level taxa (e.g. Baird, 
1980; Carrano and Wilson, 2001; Lucas, 2007). Lucas (2007) 
also noted that, as in the case of invertebrate trace fossils, facies 
restrictions limit the utility of tetrapod footprints. 

Despite all these problems, tetrapod trackways are effectively 
used in biostratigraphy, and Lucas (2007) recognized several 
global time intervals based on the footprint record. The recently 
discovered early Middle Devonian tetrapod trackways from 
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Poland (Niedzwiedzki et al, 2010) predate the oldest tetrapod 
body fossils which are from the Upper Devonian (Ahlberg, 
1991). The Late Devonian interval is characterized by track- 
ways attributed to ichthyostegalians, which is consistent with 
the skeletal record (Warren and Wakefield, 1972; Rogers, 1990; 
Stossel, 1995; Clack, 2002, 2005). However, the trackway record 
is poor and no index taxa have been defined, restricting bio- 
stratigraphic utility (Lucas, 2007). 

The Carboniferous trackway record is very rich, although 
mostly restricted to Laurussia. Lucas (2007) pointed out that 
taxonomic problems due to oversplitting complicate bio- 
stratigraphic schemes, but that three time intervals can be 
recognized: Early Carboniferous (Mississippian), Middle 
Carboniferous (roughly Westphalian), and Late Carboniferous 
(approximately Stephanian). The Early Carboniferous interval 
is mostly based on trackways from Nova Scotia (e.g. Sarjeant 
and Mossman, 1978; Hunt et al., 2004b; Lucas et al., 2004b) 
and, to a lesser extent, England (e.g. Scarboro and Tucker, 
1995). Typical trackways are produced by temnospondyls and 
stem amniotes (captorhinomorphs), including the ichnogen- 
era Peratodactylopus, Megapezia, Baropezia, Hylopus, and 
Palaeosauropus, although the latter three also occur in younger 
Carboniferous rocks (Lucas, 2007). Middle Carboniferous track- 
ways are known essentially from Nova Scotia, eastern and west- 
ern United States, Germany, France, and the Czech Republic 
(e.g. Sarjeant and Mossman, 1978; Cotton et al., 1995). This 
interval is dominated by stem amniotes (captorhinomorphs) 
trackways (although temnospondyl footprints occur also), and is 
referred to as the Pseudohradypus biochron (Lucas, 2007). Other 
ichnogenera include Notalacerta, Cincosaurus, Matthewichnus, 
Anthracopus, Salichnium, and Quadropedia. The producers 
of Lower and Middle Carboniferous trackways are essen- 
tially the same, and distinction between these two global time 
intervals is therefore problematic. Upper Carboniferous foot- 
prints have been recorded in eastern and western United States, 
Germany, France, Italy, England, and Spain (e.g. Haubold and 
Sarjeant, 1973; Gand, 1975; Soler-Gijon and Moratalla, 2001). 
Lucas (2007) noted that this interval is characterized by the 
first appearance of Batrachichnus, Ichniotherium, Dromopus, 
Gilmoreichnus, and Dimetropus, marking the beginning of the 
Dromopus biochron, highlighting the consisteney between the 
track and body-fossil record. 

The Permian tetrapod trackway record is more widespread, 
including localities in Europe, South Africa, South America, 
and North America, and encompasses two intervals (Lucas and 
Hunt, 2006; Lucas, 2007). The Early Permian interval is rep- 
resented by the continuation of the Dromopus biochron, and 
has been extensively reeorded in southern and western United 
States, Canada, and Europe (e.g. Lucas et al, 1999, 2004b; 
Haubold and Lucas, 2001; Avanzini et al., 2001). Trackmakers 
are temnospondyls, “diadectomorphs”, seymouriamorphs, 
proeolophonids, and basal synapsids (pelycosaurs). Dominant 
iehnotaxa include Batrachichnus, Limnopus, Amphisauropus, 
Dromopus (Fig. 13.9a), Varanopus, Hyloidichnus, Ichniotherium, 
Dimetropus (Fig. 13.9b), and Gilmoreichnus (Lucas, 2007). 



The Late Permian interval is illustrated by tetrapod footprints 
in Europe and South Africa (e.g. Smith, 1993), and has been 
referred to as the Rhychosauroides biochron (Lucas, 2007). 
According to this author, paraeiasaurs and dicynodonts are the 
most important trackmakers, with Pachypes, Dicynodontipus, and 
Rhychosauroides being eharacteristic ichnogenera. Interestingly, 
there seems to be a gap in the trackway record that is roughly 
equivalent to the Guadalupian (Middle Permian), and longer 
than the Olson’s gap of the body-fossil record (Lucas, 2004). 

The Triassic tetrapod trackway record is essentially worldwide 
and contains many iehnotaxa with biostratigraphic potential. 
Demathieu (1977, 1994) proposed three main intervals, from the 
Early to the Late Triassic, and Lucas (2007) added a fourth zone 
for the earliest Triassic. The lowermost interval is of Induan age 
(earliest Triassic) and is characterized by dicynodont tracks (e.g. 
Retallack, 1996). The seeond zone eomprises the Olenekian- 
early Anisian (Early Triassie to early Middle Triassic), and is 
known as the Chirothere assemblage, which is dominated by 
archosaur trackways (e.g. Demathieu and Demathieu, 2004). 
Chirotherium is the most common ichnogenus; Isochirotherium, 
Rotodactylus, Brachychirotherium, and Synaptichnium are pre- 
sent locally (e.g. Demathieu, 1977, 1984; Avanzini and Lockley, 
2002; King et al., 2005). The late Middle Triassie interval is 
known as the Dinosauromorph assemblage (Lucas, 2007). 
Although chirothere footprints (e.g. Brachychirotherium) are 
also present, they are rare and the interval is distinguished 
from the Chirothere assemblage by the appearance of tridac- 
tyl bipedal traekways that have been attributed to dinosaur or 
dinosaur-like organisms (Demathieu, 1989; Haubold, 1999) (see 
Section 14.1.5). The Late Triassic interval is represented by the 
Dinosaur assemblage (Lucas, 2007). It is characterized by the 
higher diversity in dinosaur-like and dinosaur footprints, such 
as Tetrasauropus, Pseudotetrasuropus, Grallator (Fig. 13.9c), 
and Atreipus. Attempts have been made to further subdivide 
this interval (e.g. Olsen, 1980; Haubold, 1986; Lockley, 1993; 
Olsen and Huber, 1998; Lockley and Hunt, 1994, 1995). 

The Jurassic tetrapod-footprint record is remarkably wide- 
spread, with dinosaur trackways found in all continents except 
Antarctica (Lucas, 2007). This author recognized two intervals 
within the Jurassic based on dinosaur trackways. The Early 
Jurassic interval is dominated by non-avian theropod footprints. 
This interval is characterized by and the appearance of a number 
of iehnotaxa (e.g. Eubrontes, Anomoepus, and Ameghinichnus) 
and the absence of some ichnogenera typical of the Triassic (e.g. 
Brachychirotherium). Of these, Eubrontes is the most abundant, 
and Lucas (2007) has referred to the base of this interval as 
the Eubrontes datum, stressing the biostratigraphic importance 
of this ichnogenus (e.g. Lockley et ah, 2004). However, this is 
not without problems because Eubrontes has been recorded 
in Upper Triassic rocks, probably reflecting the early appear- 
ance of large theropods (Lucas et ah, 2005). Lockley and Hunt 
(1995) noted that, although Grallator occurs in both Triassic 
and Jurassic rocks, it tends to be smaller in the Triassic. The 
Middle-Late Jurassic interval is characterized by a less sparse 
record and an increase in the size of tracks (Farlow, 1992). 
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Figure 13.9 Vertebrate trackways 
showing restricted stratigraphic 
ranges and commonly used in bio- 
stratigraphy. (a) Dromopus agilis. 
Lower Permian, Hueco Formation, 
Robledo Mountains, New Mexico, 
United States. Scale bar is 1 cm. See 
Hunt et al. (2005). (b) Dimetropus 
leisnerianus. Lower Permian, Hueco 
Formation, Robledo Mountains, 
New Mexico, United States. Scale 
bar is 5 cm. See Hunt et al. (2005). 
(c) Grallatorsulcatus. Upper Triassic, 
Brunswick Formation, Clark 
Quarry, near Milford, New Jersey, 
United States. Scale bar is 5 cm. See 
Olsen et al. (1998). (d) Caririchnium 
leonardii. Lower Cretaceous, 
Dakota Group, Dinosaur Ridge, 
Colorado, United States. Scale bar 
is 10 cm. See Lockley (1987). (e) 
Macrauchenichnus rector. Miocene, 
Toro Negro Formation, Quebrada 
de la Troya, near Vinchina, west- 
ern Argentina. Scale bar is 10 cm. 
See Krapovickas et al. (2009). 
(f) Neomegatherichnium pehuencoen- 
sis. Upper Pleistocene, Pehuen-Co, 
southeastern coast of Buenos Aires 
Province, Argentina. Scale bar is 
10 cm. See Aramayo and Manera 
de Bianco (1996, 2009). 



Theropod (e.g. Carmelopodus and Megalosauripus), sauropod 
(e.g. Gigantosauropus and Parabrontopodus, Breviparopus), 
and ornithopod (e.g. Dinehichnus) trackways occur (Ishigaki, 
1989; Lockley and Hunt, 1995; Lockley and Meyer, 2000; 
Lucas, 2007). Possible refinements in the Jurassic biostrati- 
graphic scheme have been further proposed in other studies (e.g. 
Lockley, 1998; Lockley and Meyer, 2000). 

As with the Jurassic record, the Cretaceous footprint 
record is global in nature, with tracksites known from every 
continent, including Antarctica (Olivero et al., 2007). The 
record is overwhelmingly dominated by dinosaur tracks. 



but bird, pterosaur, and, more rarely, mammal trackways 
also occur (Lucas, 2007). According to this author, the main 
difference with respect to the Jurassic record is the abun- 
dance of large ornithopod trackways in the Cretaceous. Two 
global intervals have been identified, Early Cretaceous and 
Late Cretaceous. The Early Cretaceous tends to be domi- 
nated by sauropod trackways, including the ichnogenera 
Parabrontopodus and Brontopodus, particularly in southern 
United States. Nevertheless, ornithopod trackways occur 
also, with Iguanodontipus and Caririchnium (Fig. 13. 9d) 
being typical ichnotaxon. Bird tracks are also abundant in 
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the Early Cretaceous, commonly associated with lake-margin 
environments, and including the ichnogenera Ignotormis and 
Aquatilavipes (Lockley et al., 1992; Lockley and Rainforth, 
2002). The Late Cretaceous dinosaur-track record differs 
from the Early Cretaceous one in the lower number of sauro- 
pod tracks and in the appearance of ceratopsian, tyranno- 
saurid, and hadrosaurid footprints (Lucas, 2007). Bird tracks 
are also abundant and include the ichnogenera Yacoraitichnus 
and Magnoavipes (Loekley and Rainforth, 2002). 

Although mammal body fossils provide a high-resolution 
biostratigraphy for the Cenozoic, the mammal-track record still 
remains poorly explored (Lucas, 2007). To further complieate 
things, trackways produced by amphibians, reptiles, and birds 
are too uncommon to be used in biostratigraphy. Lucas (2007) 
recognized two global intervals, Paleogene and Neogene based 
on the track record. The Paleogene traek interval is sparse, and 
charaeterized by the abundance of basal ungulates (e.g. Sarjeant 
and Langston, 1994; McCrea et al., 2004). Some Paleogene 
ichnotaxa include the crocodile trackway Albertasuchipes and 
two ichnotaxon attributed to creodont mammals (Sarjeantipes, 
Quirtipes) (Sarjeant et ah, 2002; McCrea et al., 2004). The 
Neogene track interval is richer, and dominated by derived 



ungulates (e.g. Aramayo and Manera de Bianco, 1987a, b, 
1996, 2009; Sarjeant and Reynolds, 1999; Lucas et al., 2002; 
Krapovickas et al., 2009). Some Neogene ichnotaxa attributed 
to mammals are Macraucheniclmus (Fig. 13. 9e), Venatoripes, 
Megatherichnum, Neomegatherichnum, Eumacrauchenichnus, 
and Odocoileinichnum (e.g. Aramayo and Manera de Bianco, 
1987a, b, 1996, 2009; Krapovickas et al., 2009). 

In short, the review by Lucas (2007) indicated that global 
biochronology based on tetrapod trackways resolves geological 
time approximately 20-50% as well as the body-fossil record. 
This resolution is even better than that of invertebrate trace 
fossils used in biostratigraphy (e.g. Cruziana and Rusophycus 
ichnospecies). In addition, because resolution based on skel- 
etal remains is uneven through geological time, the temporal 
resolution of tetrapod footprints may be as good as that of 
body fossils for time intervals characterized by a meager bone 
record (e.g. Carboniferous). As in the case of invertebrate 
trace fossils, tetrapod footprints are particularly useful in the 
absence of skeletal remains. The fact that trackways are com- 
monly found in facies lacking body fossils underscores the 
potential of footprints to fill stratigraphic gaps and to provide 
biostratigraphic information (e.g. Lockley, 1991). 



14 Trace fossils in evolutionary paleoecology 



There is nothing like the Cambrian until the Cambrian. 

Andrew Knoll 
Life on a Young Planet: The First Three 
Billion Years of Evolution on Earth (2004) 

Some of these ideas were already touched upon by Darwin, such as the notion that burrowing organisms have a proportionally large 
impact on their environment, which is now formalized in the concept of ecosystem engineering. Other ideas were unforeseen, such 
as the role that bioturbation had during the Cambrian explosion. This establishes a strong link between Darwin’s bioturbation book 
and On the Origin of Species, a connection that would have certainly astounded the author. 

Filip Meysman, Jack Middelburg, and Carlo Help 
“Bioturbation: a fresh look at Darwin's last idea” (2006) 



Timing is the complex part of simplicity. 

Keith Jarrett 
The Art of Improvisation (2005) 



Because ichnological analysis commonly emphasizes the long 
temporal range of most ichnotaxa (see Section 1.2.8), trace fossils 
have been traditionally overlooked as a source of information in 
macroevolution. However, comparisons of ichnofaunas through 
geological time do reveal the changing ecology of organism- 
substrate interactions. The use of trace fossils in evolutionary 
paleoecology represents a relatively new trend in ichnology that 
is providing important information for our understanding of pat- 
terns and processes in the history of life. In particular, Bambach 
(1983) understood the history of life as a process of colonization 
that implies the exploitation of empty or underutilized ecospace 
(see also Bambach et al., 2007). Trace fossils may provide crucial 
evidence for the recognition of spatial and temporal patterns and 
processes associated with paleoecological breakthroughs (e.g. 
Seilacher, 1956, 1974, 1977b; Crimes, 1994, 2001; Buatois and 
Mangano, 1993b; Buatois etal, 1998c, 2005; Orr, 2001; Mangano 
and Droser, 2004; Uchman, 2004a; Carmona et al, 2004; Jensen 
et al., 2005; Seilacher et al., 2005; Mangano and Buatois, 2007). 

Droser et al. (1997) proposed a hierarchy of paleoecological 
levels that allow for the ranking of ecological changes through 
geological time. First-level changes, the highest level, indicate col- 
onization of a new ecosystem (e.g. terrestrialization), and fourth- 
level changes, at the other end, indicate turnover at the community 
level. This scheme provides a useful way to frame ichnologi- 
cal data having implications in evolutionary paleoecology (e.g. 
Mangano and Droser, 2004). Additionally, we make extensive use 
of the ichnoguild concept (see Section 5.4) in order to evaluate 
ecospace colonization in specific ecosystems through geological 
time. In many instances, trace-fossil evidence demonstrates much 
greater evidence of ecological change than that revealed by body 
fossils alone. The distribution of biogenic structures through geo- 
logical time reveals a process of colonization resulting from the 



exploitation of empty or underutilized ecospace. Secular trends 
include an increase in the diversity of biogenic structures, increase 
in the intensity of bioturbation, addition of new invaders, envi- 
ronmental expansion, and faunal turnovers. In this chapter, we 
summarize the significance of trace-fossil information in evolu- 
tionary paleoecology. In order to do so, we first turn our attention 
to a number of evolutionary events, such as the Cambrian explo- 
sion, the Ordovician radiation, and the different mass extinctions. 
Then, we will address how animal-substrate interactions in vari- 
ous ecosystems have changed through geological time. 

14.1 EVOLUTIONARY EVENTS 



14.1.1 THE EARLY RECORD OE COMPLEX LIEE 

The question about the earliest ichnological evidence of complex 
life (i.e. metazoans) is one of the most controversial in the science 
of organism-sediment interactions. The history of research is 
plagued with frequent reinterpretations, resulting from both the 
continuous scrutiny of Precambrian structures and the specific 
complexities of Precambrian paleobiology. The issue is of utmost 
relevance to understand the origin of metazoans, particularly in 
the absence of consensus on the affinities of many Neoproterozoic 
body fossils (Glaessner, 1984; Seilacher, 1989; Narbonne, 2005). 

Bergstrom (1990) and Crimes (1994) cleverly summarized 
the unfortunate fate of previous candidates for the “oldest 
trace fossil” award. Either structures are inorganic, the rocks 
are younger than originally thought, or the structures are bio- 
genic but younger than the host rock, among other less likely 
alternatives. For example, structures interpreted by Hofmann 
(1967) as new ichnotaxa, Rhysonetron lahtii and R. byei, from 
Lower Proterozoic rocks (2.0 Ga) in Canada, were subsequently 
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reinterpreted by the same author as inorganic (Hofmann, 
1971). Supposed burrow systems described by Clemmey (1976) 
in Mesoproterozoic (1.0 Ga) rocks of Zambia later were reinter- 
preted as traces of modern termites (Cloud et al, 1980). 

More recently, two new candidates have been proposed. 
Seilacher et al. (1998) documented sinusoidal and branched 
structures (the so-called “Chorhat worm burrows”) in rocks 
from India that were eonsidered as Middle Proterozoic in 
age (1.1 Ga). The reception was rather mixed and the actual 
age of the rocks became a controversial issue in itself (Azmi, 
1998; Bagla, 2000; Kumar et al., 2000). Finally, two independ- 
ent teams dated the rocks as 1.6 Ga (Rasmussen et al., 2002a; 
Ray et al., 2002), which would push far back in time the origin 
of metazoans. Considering that one has to wait for more than 
1.0 Ga (well into the Ediacaran) to see truly convincing exam- 
ples of trace fossils, this finding became problematic at best. 
Either the structures are inorganic and the gap is removed, or 
we are forced to admit that the first attempt of metazoan life 
was a failed experiment with a probable extinction event during 
Snowball Earth times. Unsurprisingly, the biogenic nature of 
the structures was subject to further scrutiny and the present 
view is more parsimonious: the structures are not trace fossils 
(Budd and Jensen, 2000, 2004; Conway Morris, 2002; Jensen, 
2003; Hofmann, 2005; Seilacher, 2007a). The second challenging 
example consists of supposed body fossils (Ediacaran-like), sea 
anemone burrows (Bergaueria), and vermiform traces described 
in rocks dated between 1.2 and 2.0 Ga from Western Australia 
(Rasmussen et al., 2002b; Bengtson et al., 2007). However, they 
have been reinterpreted as pseudofossils (Conway Morris, 2002; 
Jensen, 2003; Budd and Jensen, 2004). 

Crimes (1994) considered the possibility of trace fossils in 
pre-Ediacaran rocks highly unlikely. The oldest convincing trace 
fossils come, in fact, from Ediacaran strata that postdate the 
Marinoan Ice Age (Jensen, 2003). Recently, possible trails have 
been reported from 565 My-old deep-water deposits of Mistaken 
Point, Newfoundland, eastern Canada (Liu et al., 2010). Overall, 
the trace-fossil record is consistent with at least some of the more 
recent estimations based on molecular clocks, which suggest an 
Ediacaran origin for bilaterians (Peterson, 2005; Rokas et al., 
2005; Bromham, 2006; Peterson et al., 2008). 

14.1.2 EDIACARAN ECOSYSTEMS 

Ediacaran rocks are characterized by a rather unusual suite 
of structures, containing a wealth of wrinkled surfaces, rip- 
ple patches, palimpsest ripples, and elephant skin structures, 
all suggestive of sediment stabilization by microbial binding 
(Seilacher and Pfliiger, 1994; Seilacher, 1999; Gehling eta/., 2005; 
Dornbos et ah, 2006; Droser et al., 2006; Bottjer and Clapham, 
2006; Mangano and Buatois, 2007). In all probability, micro- 
bial mats were critical components in Ediacaran ecosystems. 
Benthic communities developed in direct association with resist- 
ant matgrounds setting up an anactualistic scenario for early 
marine ecosystems (Seilacher, 1999). Four major categories of 
organism-microbial mat interactions were established during 
the Ediacaran: mat encrusters (attached to the microbial mats). 



mat scratchers (organisms grazing on the microbial mats), mat 
stickers (organisms growing inside of the mats), and undermat 
miners (those who constructed tunnels below the mat). Mat 
encrusters (e.g. Charniodiscus) and mat stickers (e.g. Cloudina) 
are essentially represented by body fossils. On the other hand, 
evidence of the activity of undermat miners and mat scratchers 
is preserved in the ichnological record. Interestingly, undermat 
miners seem to be more common in lowermost Cambrian deep- 
marine deposits than in Ediacaran rocks, being represented by 
the ichnogenus Oldhamia (see Section 14.1.3). 

Trace fossils produced by mat scratchers can be further sub- 
divided into two main groups: those reflecting the activity of 
worm-like metazoans and those recording the interaction of 
vendozoans with the matground (Mangano and Buatois, 2007). 
The most abundant trace fossils in Ediacaran rocks are mat 
grazers that belong to this first group (Gehling, 1999; Seilacher 
et al., 2005; Jensen et al., 2006). These are represented by very 
simple feeding trace fossils, and nonspecialized grazing trails (e.g. 
Helminthoidichnites, Helminthopsis, Gordia) preserved on cor- 
rugated surfaces. Buatois and Mangano (2003a, 2004) placed 
these structures in the Helminthopsis ichnoguild, which consists 
of transitory, near-surface to very shallow-tier, mat-grazer struc- 
tures produced by vagile vermiform animals that exploit organic 
matter concentrated within microbial mats below a thin veneer of 
sediment (Fig. 14.1a-d). Contrary to common belief, these sim- 
ple trails are not emplaced on the surface, but rather within the 
sediment (Seilacher, 1999). However, caution should be exercised 
because some filamentous body fossils can easily be confused 
with grazing trails (Jensen et ah, 2006). In addition, the giant 
protist Gromia sphaerica has been observed producing trails on 
the modern sea bottom (Matz et al., 2008). However, these struc- 
tures are commonly quite straight and shorter than most grazing 
trails attributed to bilaterians. Segmented burrows reflecting peri- 
staltic locomotion are less common, but may be represented by 
Torrowangea (Narbonne and Aitken, 1990; Seilacher et al., 2005). 
Because of the controversial nature of most of the Ediacaran 
body fossils, these trace fossils represent the clearest evidence of 
triploblastic organisms in the Neoproterozoic (Seilacher, 1989). 

In recent years, evidence accumulated to demonstrate a dir- 
ect link between Ediacaran trace fossils and their producers. 
Ediacaran shallow-marine deposits of the White Sea and south 
Australia contain serially repeated resting traces of Dickinsonia 
and the related genus Yorgia (Ivantsov and Malakhovskaya, 2002; 
Fedonkin, 2003; Gehling et al., 2005). The body fossils Yorgia 
waggoneri and Dickinsonia tenuis were found in direct association 
with their trace fossils (Ivantsov and Malakhovskaya, 2002). The 
absence of preserved trails linking the resting traces suggests 
that the substrate did not record any locomotion disrupting the 
biomats (Gehling et al, 2005). Recently, Sperling and Vinther 
(2010) suggested that these trace fossils indicate that Dickinsonia 
externally digested the mat using its entire lower sole. In add- 
ition, these authors noted that the ability of Dickinsonia to move 
militates against an algal, fungal, or sponge affinity, and that the 
combined locomotion and feeding mode suggest affinities with 
placozoans. However, a different interpretation has been pro- 
posed by Mcllroy et al. (2009) who, based on experimental work. 
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Figure 14.1 Representative trace fossils from the Ediacaran. (a) Helminthoidichnites tenuis (Ht) associated with wrinkle marks (Wm) suggestive 
of microbial mats. Arondegas Formation, Vanrhynsdorp Group, Arondegas Farm, South Africa. Scale bar is 1 cm. See Buatois et al. (2007c). (b) 
Helminthopsis tenuis. Ediacara Member, Rawnsley Quartzite, Pound Subgroup, Flinders Ranges, southern Australia. Scale bar is 1 cm. See Gehling 
et al. (2005). (c) Helminthopsis tenuis in unusually coarse-grained sandstone Ediacara Member, Rawnsley Quartzite, Pound Subgroup, Flinders 
Ranges, southern Australia. Coin is 1.9 cm. See Gehling et al. (2005). (d) Archaeonassa fossulata. Ediacara Member, Rawnsley Quartzite, Pound 
Subgroup, Flinders Ranges, southern Australia. Scale bar is 1 cm. (e) Radular marks attributed to the ichnogenus Radulichnus (Rn) in direct asso- 
ciation with the producer, the protomollusck Kimberella quadrata (Ki). Note also the presence of Dickinsonia (Di). Ediacara Member, Rawnsley 
Quartzite, Pound Subgroup, Flinders Ranges, southern Australia. Scale bar is 5 cm. See Seilacher (2008). 



suggested that the passive movement of dead organisms upon a 
microbial mat may have produced multiple impressions of body 
tissues mimicking a trace fossil. 

Another match between producer and trace fossil is illus- 
trated by the postulated primitive molluscan Kimberella 



(Fedonkin and Waggoner, 1997; but see Budd and Jensen, 2003, 
for a more basal phylogenetic position) and the scratches pro- 
duced on microbial mats by its paired radular teeth (Seilacher, 
1997; Fedonkin, 2003; Seilacher et al., 2005; Gehling et al., 
2005; Fedonkin et al., 2007). Analysis of small specimens of 
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L. Ediac. U. Ediac. Fortunian Cam. Cam. Cam. 

Zone Zone State 2 State 3 State 4 

Figure 14.2 Ichnodiversity changes through the Ediacaran-Cambrian. No formal stratigraphic division is accepted yet for the Ediacaran, but two 
stratigraphic zones have been used here based on work by Jensen (2003). Although ichnodiversity levels remained more or less the same in these 
two zones, the upper Ediacaran zone is characterized by the appearance of more complex forms, such as Treptichnus, Streptichnus, and three-lobate 
trace fossils similar to Curvolithiis. However, other forms present in the lower Ediacaran zone (e.g. Radulichnus, Nenoxites, Dickinsonid trace fossils) 
have not been recorded in the upper Ediacaran zone. Note sharp increase of trace-fossil diversity at the beginning of the Cambrian (Fortunian) and 
at the beginning of the Cambrian Series 2 (base of Cambrian Stage 3). The ichnodiversity curves were compiled at the ichnogenus level because the 
taxonomy is more firmly established than for ichnospecies. 



Kimberella, and the fan-like arrangement of scratch marks 
indicate that the animal must have used a proboscis-like 
device to rasp on the microbial mat (Gehling et al., 2005) 
(Fig. 14. le). 

The previous summary was essentially based on shallow- 
marine strata (e.g. Flinders Ranges, Australia, White Sea, 
Russia, Namibia, and South Africa) and, therefore, provides 
evidence on nearshore to offshore ecosystems. However, ichno- 
logical information is also available from deep-marine deposits 
(e.g. North Carolina, Mackenzie Mountains, Canada and cen- 
tral Spain), indicating that deep-sea bottoms were colonized 
by benthic animals already in Ediacaran times (Narbonne 
and Aitken, 1990; Vidal et ah, 1994; MacNaughton et al., 
2000; Orr, 2001; Crimes, 2001; Seilacher et al., 2005; Liu et al., 
2010). In fact, the oldest trace fossils are known from deep- 
marine deposits rather than shallow-water deposits (Liu et al., 
2010). The colonization of the deep sea records a first-level 
ecological change. Ediacaran deep-marine ichnofaunas are 
poorly diverse and are dominated by nonspecialized grazing 
trails (e.g. Helminthopsis, Helminthoidichnites) associated with 
structures indicative of microbial mats (see Section 14.2.2). 
The body-fossil record further supports colonization of deep- 



sea bottoms during the terminal Proterozoic (Narbonne, 1998, 
2005; Narbonne and Gehling, 2003; Clapham et al., 2003; 
Grazhdankin, 2004). 

Recent studies in Ediacaran ichnofaunas are changing our 
view of ichnodiversity levels by the end of the Proterozoic 
(Pig. 14.2). Previous studies listed a large number of ichnotaxa 
for the Ediacaran period (e.g. Runnegar, 1992a; Crimes, 1994). 
However, the emerging view is that Neoproterozoic ichnofau- 
nas are of limited diversity and complexity (Jensen, 2003; 
Seilacher et al., 2003, 2005; Mangano and Buatois, 2004c, 
2007; Jensen et al., 2005, 2006; Droser et al., 2005, 2006). 
This shift reflects a reinterpretation of the trace-fossil nature 
of most ichnogenera that were considered exclusive of the 
Ediacaran (Group 1 of Alpert, 1977) (Haines, 2000; Gehling 
et al., 2000, 2005; Jensen, 2003; Seilacher et al., 2003, 2005; 
Jensen et ah, 2006). Supposedly guided meandering trails, 
such as Yelovichnus and Palaeopascichnus, have been reinter- 
preted either as algal remains (Haines, 2000) or body fossils of 
xenophyophorean protozoans (Seilacher et al., 2003, 2005) or 
tubicolous animals (Shen et al., 2007) (but see Zhuravlev et al., 
2009). Harlaniella, a rope-like structure regarded as a trace fos- 
sil, is now considered a body fossil related to Palaeopascichnus 
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(Jensen, 2003; Jensen et ah, 2006). The subcircular blob 
Intrites is now regarded as a body fossil of uncertain affinities 
(Gehling et al., 2000). In particular, Jensen et al. (2006) pro- 
vided a detailed table summarizing current re-evaluations of 
Ediacaran ichnofossils. 

Problems also become evident with other ichnotaxa that 
occur through all or most of the Phanerozoic, and whose sup- 
posed presence in the Neoproterozoic has been pointed out 
in several compilations. For example, unquestionable speci- 
mens of vertical burrows, such as Skolithos or Diplocraterion, 
have not been documented from Ediacaran strata (Seilacher 
et al., 2005; Jensen et al., 2006). The presence of branched bur- 
row systems in Ediacaran rocks is controversial. Chondrites 
has been mentioned in Ediacaran strata (e.g. Jenkins, 1995). 
However, these structures are commonly preserved as fur- 
rows that lack the characteristic burrow fill. More recently, 
they have been reinterpreted as poorly preserved specimens 
of body fossils or as overlap of unbranched trace fossils 
(Seilacher et al., 2005; Jensen et al., 2006). The radial structure 
Mawsonites is no longer considered a trace fossil (Runnegar, 
1992b; Seilacher et al., 2005; Jensen et al., 2006). However, 
very shallow, three-dimensional burrow systems (Treptichnus 
and Streptichnus) occur in the uppermost Ediacaran, record- 
ing incipient exploitation of the infaunal ecospace and a slight 
increase in trace fossil complexity (Jensen et al., 2000; Jensen 
and Runnegar, 2005). In addition, an increase in size seems to 
have occurred by the end of the Neoproterozoic as suggested 
by the presence of large horizontal trace fossils in Ediacaran 
rocks (Buatois et al., 2007c). 

14.1.3 THE CAMBRIAN EXPLOSION 

The Ediacaran-Cambrian boundary constitutes a major divide 
in the history of life on Earth (Knoll et al., 2006). Ediacaran 
biotas were dominated by soft-bodied organisms that are con- 
sidered at least in part to be unrelated to modern metazoan fau- 
nas (Seilacher, 1992b; Seilacher et al., 2003; Narbonne, 2004, 
2005). On the other hand, the rapid development of almost all 
modern groups of animals, including the rise of skeletal fau- 
nas, took place during the Cambrian, in a major evolutionary 
event known as the Cambrian explosion (Conway Morris, 2000; 
Erwin, 2001; Droser and Li, 2001; Budd, 2003; Valentine, 2004; 
Marshall, 2006). Our understanding of the Cambrian explosion 
has implications for several key topics, including the origin of 
metazoan bodyplans, the role of developmental genetics, the 
validity of molecular clocks, and the influence of paleoenvir- 
onmental factors on macroevolution (Conway Morris, 2000). 
Although most evolutionary studies dealing with the Ediacaran- 
Cambrian transition have been based on the analysis of body 
fossils, the ichnological record provides an independent line 
of evidence to calibrate and evaluate the Cambrian explosion 
(Mangano and Buatois, 2007). This is of paramount import- 
ance because there is still no agreement whether the Cambrian 
explosion is a real evolutionary event or a preservational arti- 
fact that reflects an increase in fossilization potential (Valentine, 



2004). It is evident that the Cambrian was a unique time in the 
history of life. Paraphrasing Andrew Knoll, it is also fair to say 
that there is nothing like the Cambrian after the Cambrian. 

The diversity of Neoproterozoic ichnofaunas is generally low, 
and behavioral complexity is also limited (see Section 14.1.2). 
By the Fortunian (lowermost Cambrian), this picture changed 
with the appearance of much more diverse and complex ichno- 
faunas, particularly in shallow-marine environments (Fig. 14.2). 
Another increase in trace-fossil diversity again mostly in shal- 
low-marine settings took place by the beginning of Cambrian 
Stage 3 (Fig. 14.2). Relatively diverse ichnofaunas composed 
of arthropod trackways, such as Diplichnites (Fig. 14.3a) and 
Dimorphichnus, the arthropod resting trace Rusophycus, com- 
plex grazing trace fossils (e.g. Psammichnites), the sinusoidal 
trail Cochlichnus (Fig. 14.3b), bilobate locomotion trace fos- 
sils (e.g. Didymaulichnus), branched feeding burrows of deposit 
feeders, including Treptichnus pedum (Fig. 14.3c), and com- 
plex feeding patterns included in the ichnogenus Oldhamia are 
known worldwide in lowermost Cambrian strata (Buatois and 
Mangano, 2004b, and references therein). Systematic guided 
meanders, such as those present in Psammichnites saltensis (Fig. 
14.3d) and the elaborate feeding morphologies displayed by 
various ichnospecies of Oldhamia (Fig. 14. 3e) reveal the onset 
of sophisticated grazing strategies that were notably absent dur- 
ing the Ediacaran (Seilacher et al., 2005). Also, the large size 
of earliest Cambrian trace fossils (e.g. Psammichnites) con- 
trasts with the typical small size of most Ediacaran trace fos- 
sils. In contrast to the rather monotonous aspect of Ediacaran 
ichnofaunas (see Section 14.1.2), Fortunian shallow-marine 
ichnofaunas display more varied behavioral patterns. This fact 
undoubtedly reflects the appearance of a number of body plans 
of soft-bodied organisms, which cannot be fully evaluated based 
on the analysis of the body fossil record alone. 

Lowermost Cambrian trace fossils are typically oriented 
parallel to the bedding plane, and, therefore, they do not sig- 
nificantly disturb the primary sedimentary fabric (Mcllroy and 
Logan, 1999; Buatois and Mangano, 2004b; Mangano and 
Buatois, 2004c, 2006). Fortunian trace fossils mostly reflect 
shallow to very shallow infaunal feeding activities of mobile, 
bilaterian metazoans. As a consequence of being restricted to 
bedding planes, the degree of bioturbation is only slightly higher 
than that of Ediacaran deposits. As in the case of Ediacaran 
rocks, there is a conspicuous absence of Skolithos pipe rock in 
Eortunian strata (Mangano and Buatois, 2004c, 2007). Vertically 
oriented trace fossils are only represented by shallow specimens 
of Gyrolithes (Droser et al., 2002, 2004). This limited extent and 
depth of bioturbation resulted in the widespread development 
of relatively firm substrates and the virtual absence of a mixed 
layer within the substrate (Droser et al., 2002, 2004; Dornbos 
et al., 2004, 2005; Jensen et ah, 2005; Mangano et al., 2007). 

In contrast to Fortunian ichnofaunas, Cambrian Stage 2 
trace-fossil assemblages are characterized by the appearance 
of vertical dwelling structures {Skolithos, Diplocraterion, and 
Arenicolites) of suspension feeders and passive predators, 
reflecting the onset of deep bioturbation, and the establishment 
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Figure 14.3 Trace-fossil variability 
and the Cambrian explosion. Note 
the wide variety of morphological pat- 
terns attained by the Early Cambrian, 
(a) Diplichnites isp. Puncoviscana 
Formation, San Antonio de los 
Cobres, northwest Argentina. 
Scale bar is 1 cm. See Buatois and 
Mangano (2003a). (b) Cochlichnus 
angumeus. Puncoviscana Formation, 
San Antonio de los Cobres, north- 
west Argentina. Scale bar is 1 cm. 
See Buatois and Mangano (2003a). 
(c) Treptichnus pedum. Klipbak 
Formations, Brandkop Subgroup, 
Gannabos Farm, South Africa. 
Scale bar is 1 cm. See Buatois et al. 
(2007c). (d) Psammichnites saltensis. 
Puncoviscana Formation, Cachi, 
northwest Argentina. Scale bar is 2 cm. 
See Buatois and Mangano (2004b). 
(e) Oldhamia alata. Puncoviscana 
Formation, el Mollar, Quebrada 
del Toro, northwest Argentina. 
Scale bar is 1 cm. See Seilacher et 
at. (2005). (f) Diplocraterion paralle- 
lum. Dividalen Group, Imobekken, 
northern Norway. Scale bar is 2 cm. 
See Bromley and Flanken (1991). (g) 
Syringomorpha nils.mni in an erratic 
block, Kiersgoube Pastz, Berlin, 
Germany. Scale bar is 1 cm. (h) 
Rusophycus jenningsi. Lake Louise 
Formation, Gog Group, Lake O’Hara, 
Canadian Rockies, (i) Dactyloidites 
asteroides. Metawee Slate Formation, 
vicinity of Middle Granville, New 
York State, northeastern United 
States. Scale bar is 1 cm. 



of the Skolithos ichnofacies in high-energy settings (Fig. 14. 3Q. 
These vertical burrows may occur in prolific densities forming 
Skolithos pipe rock (Droser, 1991). Additionally, the J-shaped 
spreite trace fossil Syringomorpha (Fig. 14. 3g) may occur in 
similar settings, forming distinct ichnofabrics (Mangano and 
Buatois, 2004b) (see Box 5.1). While Fortunian ichnofau- 
nas were emplaced very close to the sediment-water inter- 
face, younger Lower Cambrian ichnofaunas reflect burrowing 
depths in the order of tens of centimeter, revealing an exponen- 
tial increase in the depth of bioturbation of suspension-feeding 
organisms (Mangano and Buatois, 2004c, 2007). Also, detailed 
ichnological analysis in shallow-marine environments reveals a 
more complex tiering structure with the development of mul- 
tiple guilds (Mangano and Buatois, 2004b). This increase in 
depth of bioturbation is not exclusive of high-energy nearshore 
areas, but also of lower-energy settings, where deep Rusophycus, 
such as R. jenningsi (Fig. 14. 3h) and R. dispar, became com- 
mon. In any case, the tiering structure is much simpler than that 



in younger ichnofaunas. During the Cambrian Stages 2 to 3, 
matgrounds became rare due to the onset of vertical bioturb- 
ation, and were replaced by mixgrounds in an event referred 
to as the “Agronomic Revolution” (Seilacher and Pfluger, 1994; 
Seilacher, 1999). This dramatic change at the biosphere scale was 
conducive to a remarkable change in the way living organisms 
interacted with the substrate (“Cambrian Substrate Revolution” 
of Bottjer et al., 2000). Also, archaeocyathid reefs containing 
high densities of Trypanites are present in Lower Cambrian 
hardgrounds, revealing bioerosion by a macroboring biota 
(James et al., 1977) (see Section 14.2.3). Additionally, increas- 
ing levels of predation were implicated in an arms race, spurring 
the development of complex predatory-prey interactions, and 
spurring evolutionary innovations (Vermeij, 1987). The role of 
predation as a triggering factor in the thorough exploitation of 
the infaunal ecospace has been a matter of debate. Evaluating 
extrinsic and intrinsic factors at the onset of the Cambrian 
explosion and the Agronomic Revolution is not easy (Marshall, 
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2006) . In any case, evidence of predation has been detected in 
some Lower Cambrian deep burrowing Rusophycus directly 
associated with Palaeophycus (Jensen, 1990). 

In addition to the noted changes in substrate conditions and 
predation intensity, it has recently been emphasized that the 
increased complexity and heterogeneity of marine environments 
may have played a major role as a driving force of evolutionary 
changes across the Ediacaran-Cambrian boundary (Plotnick, 
2007; Plotnick et al., 2010). The distribution of environmental 
signals in the marine ecosystem that an organism can poten- 
tially respond to has been termed its “information landscape”. 
It has been hypothesized that a coevolutionary increase in the 
information content of the marine environment and in the abil- 
ity of animals to obtain and process this information took place 
during the Cambrian explosion. According to this view, these 
facts may have resulted in the development of mobile bilateri- 
ans with macroscopic sense organs. This evolutionary event has 
been referred to as the “Cambrian Information Revolution” 
(Plotnick et ah, 2010). The trace-fossil record of this revolu- 
tion is most likely expressed by the appearance of grazing trails 
and feeding burrows, displaying more sophisticated strategies 
to exploit resources in an heterogeneous landscape (e.g. Gamez 
Vintaned et al., 2006) (Fig. 14.3d-e, and i). 

The presence of multiple trophic guilds, and a well-established 
suspension-feeding infauna represented by abundant pipe rock 
in Cambrian Stages 2 to 3 strata provide evidence of a signifi- 
cant change in complexity of shallow-marine benthic commu- 
nities, suggesting a coupling between plankton and benthos 
(Mangano and Buatois, 2004b, 2006, 2007; Mangano et al, 

2007) . Butterfield (2001) suggested that the appearance of filter- 



feeding mesozooplankton were crucial in metazoan evolution. 
In fact, the addition of mesozooplankton to the trophic web 
may have acted as a trigger not only for the evolution of large 
metazoa, but also for the advent of the Agronomic Revolution. 
By repacking unicellular phytoplankton as nutrient-rich lar- 
ger particles, zooplankton provides a more concentrated and 
exploitable resource for the benthos (Butterfield, 2001). This sig- 
nificant increase in the delivery of labile, nutrient-rich particles 
into the sediment may be behind the most significant change 
in the history of benthic ecology: the shift from matgrounds to 
mixgrounds. Mangano and Buatois (2004c, 2007) noted that ich- 
nological evidence suggests that the presence of metazoa able 
to exploit the endobenthic environment preceded the establish- 
ment of a modern endobenthic ecological structure (i.e. mix- 
ground ecology). According to the decoupling hypothesis, the 
Cambrian evolutionary event consists of two phases: diversifi- 
cation of body plans during the Fortunian and a subsequent 
infaunalization and ecological shift during Cambrian Stages 2 
and 3. Therefore, the Agronomic Revolution is not strictly coin- 
cident with the Ediacaran-Cambrian boundary. Although the 
body fossil record indicates the appearance of most of the major 
clades at the Cambrian Stage 3, the presence of rich ichnofaunas 
revealing diverse body plans during the Fortunian indicates the 
existence of a fuse time previous to what is commonly referred to 
as the Cambrian explosion (Mangano and Buatois, 2006). 

Lower Cambrian ichnofaunas display segregation into two 
distinct environmentally related trace-fossil associations: shal- 
low- and deep-marine (e.g. Buatois and Mangano, 2004b). 
Shallow-marine ichnofaunas are relatively diverse and complex 
(Box 14.1), but deep-marine trace-fossil assemblages essentially 



Box 14.1 The Lower Cambrian Mickitzia Sandstone of Sweden and the Cambrian explosion 

The Mickitzia Sandstone of Sweden contains one of the best documented Lower Cambrian ichnofaunas, and is essential to 
understanding the level of complexity reached by shallow-marine benthic communities at this early stage of metazoan evo- 
lution. Acritarch data indicate that this unit ranges in age from Cambrian Stage 3 to Stage 4. Forty one different ichnotaxa 
have been documented. The most outstanding feature of this ichnofauna is the wide variety of morphological and ethological 
types (Fig. 14.4a-e). The Mickitzia ichnofauna includes plug-shaped dwelling or resting burrows of actinarians (Bergaueria 
perata), sinusoidal grazing trails of nematodes or annelids (Cochlichnus isp.), arthropod locomotion (Cruziana prohlematica 
and Cruziana rusoformis, and Cruziana cf rusoformis), resting {Rusophycus dispar, Rusophycus jenningsi, Rusophycus euten- 
dorfensis), and dwelling (Cheiichnus gothicus) trace fossils commonly with distinctive scratch marks, vertical dwelling bur- 
rows (Diplocraterion parallelum, Skolithos linearis), concentrically filled conical vertical dwelling burrows of polychaetes 
{Rosselia socialis), spiral-shaped dwelling burrows of polychaetes (Gyrolithes polonicus), J-shaped vertical feeding burrows 
(Syringomorpha nilssoni), simple grazing trails of worm-like organisms (Helminthoidichnites tenuis), simple horizontal dwelling 
burrows of worm-like organisms (Palaeophycus imbricatus, Palaeophycus tubularis, Palaeophycus tubularis), annulated burrows 
(Fustiglyphus isp.), irregular feeding networks (Olenichnus isp.), branched feeding burrows of worm-like organisms, including 
priapulids (Phycodes cf curvipalmatum, Phycodes palmatus, Treptichnus bifurcus, Treptichnus pedum), spreite simple feeding 
burrows possibly produced by annelids, priapulids, or trilobites (Teic/u'c/wux ovillus and Trichophycus venosus), spreite U-shaped 
feeding burrows (Rhizocorallium jenense), radiating feeding burrows (Scotolithos mirabilis), and spreite lobate feeding burrows 
(Zoophycos isp.). The Mickitzia ichnofauna displays a sharp contrast with their Ediacaran counterparts of shallow-marine 
environments, which are remarkably less diverse and much simpler. Characterization of the Mickitzia ichnofauna illustrates 
the profound ecological and evolutionary changes resulting from the Cambrian explosion and the Agronomic Revolution. 

Reference: Jensen (1997); Jensen and Bergstrom (2000). 
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Figure 14.4 Selected trace fossils 
from the Lower Cambrian Mickitzia 
Sandstone, Vastergotland, Sweden. 
See Jensen (1997). (a) Rusophycus 
dispar. Scale bar is 1 cm. (b) 
Cheiichnus gothicus. Scale bar is 
2 cm. (c) Trichophycus venosus. Coin 
is 1.9 cm. (d) Gyrolithes polonicus. 
Coin is 1.9 cm. (e) Dimorphichnus 
obliquus. Scale bar is 2 cm. 



consist of simple grazing trails, arthropod trackways, and dif- 
ferent ichnospecies of the specialized undermat miner feeding 
structure Oldhamia (Buatois and Mangano, 2003a). This asso- 
ciation indicates that microbial matground ecology persisted 
in the deep sea during the Early Cambrian, representing a 
Proterozoic “hangover” (see Section 14.2.2). This idea is con- 
sistent with the notion of archaic relics taking refuge in the 
deep sea (e.g. Conway Morris, 1989). Oldhamia flourished in 
Early Cambrian deep-marine environments, experiencing a 
remarkable behavioral diversiflcation as revealed by a great 
diversity of ichnospecies (Seilacher et al., 2005). Oldhamia- 
dominated assemblages in microbial-mat ecosystems persisted 
in the deep sea after the rise of vertical bioturbation in shal- 
low seas, suggesting a gradual closure of a taphonomic win- 
dow during the Ediacaran-Cambrian transition (Buatois and 
Mangano, 2004b). This is consistent with the recognition of 
Ediacara-type body fossils in Cambrian strata (Gehling et al.. 



1998; Jensen et al, 1998; Crimes and Mcllroy, 1999; Hagadorn 
et al, 2000; Shu et al., 2006). 

In addition to fully marine environments. Lower Cambrian 
ichnofaunas have been documented from marginal-marine set- 
tings (e.g. Mangano and Buatois, 2004b; Baldwin et ah, 2004; 
Mangano et al., 2007), revealing that representatives of the 
Cambrian evolutionary fauna were able to colonize brackish- 
water environments (see Section 14.2.5). Although the scar- 
city of land plants was probably a major limiting factor in 
colonization of marginal-marine systems, documentation of 
Cambrian cryptospores suggests the presence of plants with 
one or more life-cycle phases on land (Strother and Beck, 2000; 
Strother, 2000). In contrast to complex modern estuarine food 
webs, Cambrian web chains in marginal-marine ecosystems 
were mostly marine-based, with acritarchs and algae being 
primary producers. However, a nascent terrestrial flora may 
have played a role in these ancient food webs (Mangano and 
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Figure 14.5 Ichnodiversity changes 
through the Ordovician (after 
Mangano and Droser, 2004). The 
ichnodiversity curves were compiled 
at the ichnogenus level. The ichno- 
generic compilation was plotted as 
“range-through” data. Total curve 
includes not only shallow- and 
deep-marine ichnofossils but also 
continental trace fossils and bor- 
ing ichnotaxa. The shallow-marine 
curve does not include borings. 



Buatois, 2004b). Although tiering structure remains simple in 
marginal-marine environments, ichnoguild analysis reflects an 
incipient exploitation of food resources, recording the activity 
of a benthos that developed in the aftermath of the Agronomic 
Revolution (Mangano et ah, 2007). 

14.1.4 THE ORDOVICIAN RADIATION 

As in the case of the Cambrian explosion, most of our knowledge 
of the Ordovician radiation comes from the body-fossil record 
(e.g. Sepkoski, 1995; Sheehan, 2001; Droser and Finnegan, 2003). 
Some studies, however, have focused on the information potential 
of ichnological data (Mangano and Droser, 2004). In contrast to 
previous views, analysis of ichnodiversity indicates a continuous 
increase in ichnogeneric diversity through the Ordovician, with 
the number of shallow-marine ichnogenera doubling from the 
Tremadocian to the Ashgill (Mangano and Droser, 2004) (Fig. 
14.5). This increase parallels substantial changes in the nature of 
biofabrics (Kidwell and Brenchley, 1994; Li and Droser, 1999; 
Droser and Li, 2001) and compositional turnovers by the dom- 
inant bioturbators of shallow-water environments. 

Lower Ordovician ichnofaunas from shallow-marine silici- 
clastic deposits tend to be dominated by trilobite trace fossils, 
which record a significant turnover in peri-Gondwanan settings. 
Elements of the Cruziana semiplicata group (Upper Cambrian- 
Tremadocian) are replaced by elements of the Cruziana rugosa 
group by the Late Tremadocian (see Section 13.2). This change 
in ichnotaxonomic composition parallels the replacement of 
olenid-dominated communities by saphid-dominated communi- 
ties (Waisfeld et al., 1999, 2003). Other common components of 
the Cruziana ichnofacies in Lower Ordovician strata are vermi- 
form structures such as Planolites, Palaeophycus, Trichophycus, 
Treptichnus, Teichichnus, and Phycodes. 



Middle to Late Ordovician shallow-marine siliciclastic ichnofau- 
nas commonly display more ethological variability. Although still 
relatively abundant, trilobite trace fossils are rarely the dominant 
component in open-marine clastic deposits, most likely reflecting 
the development of multiple tiers and the establishment of a well- 
developed mixed layer (Droser et ah, 2004). Mangano and Droser 
(2004) noted that the dominant patterns include branched, sprei- 
ten burrow systems (e.g. Phycodes and Trichophycus), branched, 
annulated burrow systems (e.g. Arthrophycus), branched burrow 
mazes and boxworks (e.g. Thalassinoides), dumbbell-shaped traces 
(e.g. Arthraria), and chevronate structures (e.g. Protovirgularia). 
Most of these behavioral architectures were present in Cambrian 
and Lower Ordovician rocks already, but generally were subor- 
dinate in abundance and diversity to trilobite and other arthro- 
pod trace fossils. 

In general, the tiering structure of Ordovician shallow-ma- 
rine siliciclastic resident communities is more complex than 
that of Cambrian biotas. On the other hand, the post-deposi- 
tional suite, which commonly reflects the work of opportunis- 
tic organisms, seems to be less sensitive to evolutionary events, 
being mostly recorded by vertical suspension feeder structures, 
such as Skolithos, Arenicolites, and Diplocraterion (Mangano 
and Buatois, 2003a). 

In contrast to siliciclastic shallow-marine settings, carbonate 
softgrounds do not show a significant increase in ichnodiversity 
through the Ordovician, but rather reveal increased ecospace util- 
ization and tiering complexity (Droser and Bottjer, 1989; Mangano 
and Droser, 2004). Colonization of carbonate substrates may have 
lagged behind that of siliciclastic deposits. Ichnofabric evidence 
indicates an onshore-offshore pattern. Intense bioturbation first 
developed in shallow-water environments and only later in the 
offshore (Droser and Bottjer, 1989). Inner-shelf carbonates of 
the Great Basin in the western United States reveal two major 
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increases in the extent and depth of bioturbation during the early 
Paleozoic: the first one between pre-trilobite and trilobite-bearing 
Cambrian rocks, and the second between the Middle and Late 
Ordovician (Droser and Bottjer, 1989). 

The Ordovician increase in bioturbation seems to have 
resulted, in part, from an increase in the size of discrete struc- 
tures (Droser and Bottjer, 1989). Although Thalassinoid.es is pre- 
sent in Cambrian and Lower Ordovician rocks, specimens are 
typically small, architecturally simpler, and commonly form two- 
dimensional networks (e.g. Myrow, 1995). In contrast. Middle 
to Upper Ordovician Thalassinoides burrow systems tend to be 
larger and deeper, and display classie “T” and “Y” branching 
(Sheehan and Sehiefelbein, 1984). These Thalassinoides burrow 
systems resemble modern structures produced by decapod crus- 
taceans recording extensive reworking with severe obliteration of 
primary struetures (Sheehan and Sehiefelbein, 1984; Droser and 
Bottjer, 1989; Carmonaetfl/., 2004). In spite of this general trend, 
Thalassinoides burrows from Upper Cambrian-Tremadocian 
lagoonal carbonates in the Argentinean Precordillera display 
unquestionable three-dimensional morphology, suggesting an 
earlier origin of boxwork architecture (Canas, 1995; Mangano 
and Buatois, 2003a). Although Ordovician Thalassinoides has 
typical boxwork architecture, unquestioned scratch mark orna- 
mentation has not been recorded in early Paleozoic galleries 
(Carmona et ah, 2004). Furthermore, early Paleozoic examples 
largely predate the first occurrence of decapod crustacean body 
fossils in the Devonian (Schram et al., 1978). Therefore, these 
burrow systems were most likely produced by other malacostra- 
cans (e.g. phyllocarids) or unrelated clades (e.g. enteropneusts) 
as a result of behavioral convergence (Carmona et ai, 2004). In 
addition to those changes operating in carbonate softgrounds, 
significant changes in the evolution of macroboring organisms 
occurred in shallow-water hardgrounds during the Ordovician, 
resulting in the so-called Ordovician Bioerosion Revolution 
(Wilson and Palmer, 2006) (see Section 14.2.3). 

The Ordovician radiation was not restricted to shallow-marine 
environments, but also represents a breakthrough in the deep sea, 
where ichnofaunas attained a much more modern aspect in com- 
parison with their Ediacaran-Cambrian counterparts marking 
the real onset of the Nereites ichnofacies (see Section 14.2.2). 
Further changes took place in marginal-marine (see Section 
14.2.5) and continental (see Section 14.2.6) ecosystems, reveal- 
ing the environmental breadth of the Ordovician radiation. 

14.1.5 THE ORIGIN OF DINOSAURS 

The oldest skeletal remains of dinosaurs are known from the 
Late Triassic (e.g. Sereno and Novas, 1992). However, Early and 
Middle Triassic trackways attributed to dinosaurs have been 
mentioned in the literature. Wills and Sarjeant (1970) docu- 
mented several trackways from Lower Triassic borehole cores in 
England which were attributed to small coelurosaur dinosaurs. 
However, subsequent reviews reinterpreted these structures as 
ripple marks, mud rip-up clasts, and possible limulid trackways 
(Thulborn, 1990; King and Benton, 1996). Sarjeant (1967) 
documented a Middle Triassic tracksite from England, which 



included footprints attributed to small theropods and prosau- 
ropods. Subsequent work by King and Benton (1996) placed 
them in the archosaur trackway Chirotherium, while Sarjeant 
(1996) reinterpreted some of them as Chirotherium and others 
as crocodilian trackways. 

The strongest ichnological evidence for an earlier origin of 
dinosaurs comes from the Middle Triassic of continental Europe 
and Argentina. In France, Demathieu (1989) described track- 
ways that have a strong similarity with Grallator, a dinosaur 
trackway recorded in Late Triassic and Jurassic rocks. Lockley 
and Meyer (2000) concluded that these are either the oldest 
dinosaur trackways or they were produced by non-dinosau- 
rian archosaurs. In Germany, Haubold and Klein (2000, 2002) 
documented tridactyl pedes of bipeds [Grallator) and quadru- 
peds (Atreipus), whieh were regarded as having been produced 
by early dinosaurs and dinosauriforms, respectively. Avanzini 
(2002) described isolated small tridactyl imprints from Italy and 
attributed them to dinosauromorphs. Middle Triassic rocks of 
western Argentina contain large tridactyl footprints attributed 
to theropods (Arcucci eta/., 1995;Forstereta/., 1995; Marsicano 
et al., 2004). A reeent analysis by Marsicano et al. (2007) docu- 
mented a more diverse track assemblage, but indicated that no 
synapomorphies are preserved in the three-toed footprints that 
might allow discrimination among theropods, basal saurischi- 
ans, and basal ornithischian groups as trackmakers. In any case, 
the trace-fossil record seems to suggest a Middle Triassic history 
of dinosaurs, predating the earliest occurrence of body fossils 
(Marsicano et al., 2007) (Fig. 14.6). 

14.1.6 MASS EXTINCTIONS 

The potential of trace fossils to explain mass-extinction events 
has been realized only recently (e.g. Twitehett and Wignall, 1996; 
Twitchett and Barras, 2004). Of the “Big Five” mass extinetions, 
research has focused on the end-Permian (e.g. Twitehett and 
Wignall, 1996; Twitchett, 1999; Pruss and Bottjer, 2004; Wetzel 
et al., 2007) and end-Cretaceous (e.g. Ekdale and Bromley, 
1984b; Savrda 1993; Rodriguez-Tovar, 2005; Rodriguez-Tovar 
and Uchman, 2006, 2008) events. A more limited ichnological 
dataset is available for the end-Ordovician, Late Devonian, and 
end-Triassic events. 

Estimations indicate that approximately 85% of marine spe- 
eies went extinct during the Late Ordovician event as a result of 
a brief glacial episode (Brenchley et al. 2001; Sheehan 2001), 
although the ecological impact was comparatively low (McGhee 
et ah, 2004). Only a few ichnological studies have been devoted to 
this mass extinction (McCann, 1990; Herringshaw and Davies, 
2008). Information from shallow-marine strata of the Welsh 
Basin indicates overall low degrees of bioturbation and trace- 
fossil diversity during the Late Ordovician-Early Silurian tran- 
sition, but no other clear patterns are apparent (Herringshaw 
and Davies, 2008). Examination of deep-marine deposits in the 
same basin reveals a sharp decrease in ichnodiversity aeross the 
Ordovieian-Silurian boundary (McCann, 1990). 

During the Late Devonian (Frasnian-Famennian) mass 
extinetion approximately 70% of species disappeared, with the 
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Figure 14.6 Calibrated phylogeny 
of early dinosaurs and its sister 
taxon taking into account not only 
the body-fossil record, but also the 
trace-fossil record. Addition of ich- 
nological data implies the extension 
of the early diversification of dino- 
saurs and/or their closest relatives 
into the Middle Triassic. Based on 
Marsicano et al. (2007). 



event affecting both marine and terrestrial organisms (McGhee, 
1996). Global oceanic anoxia, global cooling, and multiple 
impacts of asteroids or comets have been proposed as potential 
causes (McGhee, 1996, 2001). Ichnological analysis of this event 
is still in its infancy and only one study has been published so 
far (Morrow and Hasiotis, 2007). Preliminary information indi- 
cates that the crisis is associated with a drop in ichnodiversity, 
reduction in bioturbation intensity, decreased depth of bioturb- 
ation, and decreased burrow size. A protracted post-extinction 
recovery is apparently marked by an increase in trace-fossil 
diversity by the middle Famennian, including Cruziana and 
Rusophycus. However, evaluation of environmental and facies 
controls needs to be addressed in more detail in this study. The 
suggested trends were based on a shallowing-upward succession 
from slope to offshore environments. Therefore, the appearance 
of trilobite burrows and the associated increase in ichnodiver- 
sity noted by these authors may simply reflect shallowing and 



the establishment of an offshore community rather than a true 
post-extinction recovery. 

The end-Permian mass extinction was the largest of the entire 
Phanerozoic, and it has been estimated that up to 96% of spe- 
cies became extinct, (Raup, 1979; Hallan and Wignall, 1997; 
Benton, 2003; Erwin, 2006). This mass extinction displays the 
highest ecological severity in both marine and continental envi- 
ronments (McGhee et al., 2004). Global anoxia has been sug- 
gested as the most likely cause of the extinction in the oceans 
(Hallam and Wignall, 1997; Wignall, 2001). Release of large 
volumes of volcanic carbon dioxide may have triggered a super- 
greenhouse climate, making large areas of Pangea uninhabit- 
able. In turn, global warming may have affected global ocean 
circulation patterns by decreasing the generation of dense cold 
deep waters, resulting in stagnation and anoxia (Wignall, 2001). 
In recent years, trace-fossil information has been used to ana- 
lyze the patterns of extinction and recovery across the critical 
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Permian-Triassie interval, and a more robust ichnological data- 
set is now available for this event (e.g. Twitchett and Wignall, 
1996; Twitchett, 1999; Twitchett and Barras, 2004; Pruss and 
Bottjer, 2004; Wetzel et al., 2007; Zonneveld et ai, 2007, 2010; 
Beatty et al., 2008; Fraiser and Bottjer, 2009). Comparative ich- 
nological analyses through the pre-extinction, post-extinction 
aftermath, and recovery phases are particularly useful for evalu- 
ating the endobenthic response to the end-Permian mass extinc- 
tion event in shallow-marine settings (Twitehett and Barras, 
2004). Pre-extinction deposits are intensely bioturbated and 
contain a wide variety of ichnotaxa. In contrast, ichnofaunas 
from the lowermost Triassic (immediate post-extinction after- 
math) are typically monospecific and consist of small Planolites, 
indicating environmental stress in connection with a widespread 
anoxic event. Available information indicates that there was a 
stepwise appearanee of iehnogenera through the Early Triassic, 
signaling the phase of recovery. Parallel to this increase in ich- 
nodiversity, an increase in burrow size and depth of bioturb- 
ation has been noted. In addition, proliferation of microbial 
mat structures during the post-extinction aftermath provides 
further evidence of suppressed bioturbation and environmen- 
tal stress (Pruss et al., 2004, 2005; Mata and Bottjer, 2009). It 
has been suggested that there may have been a faster recovery 
at higher latitudes, as indicated by the presence of higher ich- 
nodiversity levels (Beatty et al., 2008; Zonneveld et al., 2010). 
In addition, Wetzel et al. (2007) documented a deep-marine 
ichnofauna in Upper Triassic rocks of Oman, which displays 
unusually high diversity in contrast to age-equivalent deep-sea 
assemblages worldwide. According to these authors, some of 
these refuge habitats may have been located in warm-water, low- 
latitude shelf and continental-margin environments, allowing 
recolonization of the deep-sea floor after the Permian-Triassie 
mass extinction. 

The end-Triassic mass extinction accounts for an approxi- 
mately 76% loss in species diversity and is ranked third in terms 
of ecological severity, affecting both marine and continental 
communities (Raup, 1992; Tanner et al., 2004; McGhee et al., 
2004). In comparison, less research has been done on this mass 
extinction and its causes are poorly understood, with hypoth- 
eses ranging from widespread eruptions of flood basalts to the 
release of methane hydrates and bolide impact-induced envir- 
onmental degradation (Tanner et ah, 2004). Although iehno- 
logical aspects of this event have not been analyzed in the same 
detail as those of the end-Permian event, there is a growing 
volume of information suggesting ehanges in vertebrate and 
invertebrate ichnofaunas. The tetrapod footprint reeord indi- 
cates that large theropod dinosaurs appeared less than 10 000 
years after the Triassic-Jurassic boundary and that dinosaur 
communities became dominant less than 100 000 years after the 
boundary (Olsen et al., 1987). Marine invertebrate ichnofaunas 
of the pre-extinction Late Triassic are diverse, while lowermost 
Jurassic (Hettangian) deposits are characterized by low iehno- 
diversity, low bioturbation intensity, small burrow diameters, 
and an absence of deep-tier structures, illustrating the imme- 
diate post-extinction aftermath (Barras and Twitchett, 2007). 



A stepwise appearance of iehnogenera characterizes recovery 
times. Ichnological evidence seems to be consistent with an epi- 
sode of marine anoxia (Barras and Twitchett, 2007). 

The end-Cretaceous extinetion accounts for 40-76% spe- 
cies loss, affecting both marine and terrestrial eommunities 
(Jablonski, 1995; Hallam and Wignall, 1997; Norris, 2001; 
Wolfe and Russell, 2001). This extinction most clearly illustrates 
the decoupling of taxonomic and ecological severity, being the 
least severe of the “Big Five” in terms of taxonomic diversity, 
but the second from an ecological standpoint (McGhee et al., 
2004). Most researchers favor the impact of a large bolide 
impact as the triggering cause of the extinction (Alvarez et al., 
1980; Kauffman and Hart, 1996), although other mechanisms, 
such as massive volcanism, have also been proposed (e.g. Keller, 
2001, 2003). Ichnological research on the Cretaceous-Tertiary 
mass extinction focused on three different aspects: paleoenvir- 
onmental interpretation of the associated deposits, the nature 
of benthic colonization after the extinction, and changes in 
the types and intensity of arthropod-plant interactions. The 
first set of studies took place inland of the Gulf of Mexico, in 
Alabama (Savrda, 1993) and northeastern Mexico (Ekdale and 
Stinnesbeck, 1998). Both studies questioned the eatastrophic 
nature of the deposits whieh were attributed to a tsunami. In 
the case of Alabama, ichnological and sedimentological analysis 
supports transgressive deposition in an estuarine incised valley 
(Savrda, 1993), while deposits in Mexico are intensely bioturb- 
ated, suggesting slow sedimentation rather than a eatastrophic 
event (Ekdale and Stinnesbeck, 1998). The second set of studies 
was performed in Europe, more precisely in several sections in 
Denmark (Ekdale and Bromley, 1984b) and Spain (Rodriguez- 
Tovar, 2005; Rodriguez-Tovar and Uchman, 2004a, b; 2006, 
2008; Rodriguez-Tovar et al., 2006). In general, these studies 
documented intense bioturbation in earliest Danian strata, 
suggesting rapid substrate colonization and re-establishment 
of infaunal communities after the extinetion event, and, there- 
fore, arguing against the idea of a major restructuring of the 
infaunal benthic community. Also, it has been noted that deep 
burrowing may have transported Danian forams into the under- 
lying Maastrichtian deposits, complicating positioning of the 
boundary (Rodriguez-Tovar and Uchman, 2006). Finally, evi- 
dence of insect traces preserved in fossil plants allowed an 
evaluation of the impact of the mass extinction in continental 
environments (e.g. Labandeira et al., 2002a, b). These studies 
suggested a sudden and sustained drop in many categories of 
plant-insect interactions at the Cretaceous-Tertiary boundary. 
Similar levels of interactions to those of the latest Cretaceous 
were not attained until the Paleocene-Eocene boundary (Wilf 
et al., 2001; Labandeira et al, 2002a, b). Those categories of 
interactions that were most affected correspond to specialized 
associations in which monophagy defines plant-host specificity 
(Labandeira et al., 2002a). 

Also, ichnofaunas from various environments were differen- 
tially impacted by mass extinctions. Shallow-marine communi- 
ties were the most affected. In contrast, the impact was lower 
on marginal-marine brackish-water faunas (Buatois et al. 
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2005). Brackish-water faunas consist of opportunistic organ- 
isms that flourish under extreme conditions, and are able to 
rapidly colonize environments after a major disturbance, as it 
is the case of a mass extinction. Deep-water ichnofaunas have 
not been strongly affected by mass extinctions either (Uchman, 
2004a). No major deep-water crisis has been associated with 
any of the “Big Five” mass extinctions. However, Uchman 
(2003) noted reduced diversity and abundance of graphoglyp- 
tids associated with the end-Ordovician and end-Cretaceous 
mass extinctions. 

14.2 ANIMAL-SUBSTRATE INTERACTIONS AND 
ECOSYSTEMS THROUGH TIME 



14.2.1 COLONIZATION OE SHALLOW-MARINE 
ENVIRONMENTS 

Because nearshore to offshore-shelf strata typically contain a 
high diversity of body fossils, shallow-marine environments have 
been the focus of most studies in marine evolutionary paleo- 
ecology. Some of the most influential research on this topic was 
performed by Sepkoski (1981, 1991, 1992, 1997). In these stud- 
ies, Sepkoski recognized the existence of three main evolution- 
ary faunas in the Phanerozoic: the Cambrian, Paleozoic, and 
Modern evolutionary faunas. Each evolutionary fauna had a 
unique set of higher taxa and displays higher diversity and more 
ecological complexity than the previous one. This increase in 
ecological complexity has been further demonstrated through 
the analysis of Bambachian megaguilds (Bambach, 1983; 
Bambach et al., 2007; Bush et ah, 2007). Although further stud- 
ies based on more refined techniques and more extensive data- 
bases have questioned some aspects of this model (e.g. Alroy 
et al, 2001, 2008), this scheme has proved to be quite relevant 
to our understanding of eeological aspects of the history of 
life. Trace-fossil information is eonsistent with the body-fossil 
record of evolutionary faunas. 

The Cambrian evolutionary fauna was dominated by trilo- 
bites, with inarticulate brachiopods, hyolithids, monoplacopho- 
rans, eocrinoids, and hexactinellid sponges as other components 
(Sepkoski, 1981). Deposit, detritus, and suspension feeders were 
the main trophic types, with predation being a relatively minor 
component (Sepkoski, 1981; Bambach, 1983; Burzin et al, 2000; 
Sheehan, 2001). The ecological structure of communities in this 
evolutionary fauna was relatively simple. Thirty modes of life (see 
Section 3.1) have been recognized for Lower to Middle Cambrian 
faunas, representing roughly one-third of the modes of life used 
by recent faunas (Bambach et al, 2007). Of these 30 modes of life, 
19 were recorded based on skeletal faunas and the other 1 1 based 
on the analysis of soft-bodied animals preserved in Konservat- 
Lagerstatten. Overall, the Cambrian evolutionary fauna repre- 
sents the occupation of 11 megaguilds {sensu Bambach, 1983). 
The Cambrian evolutionary fauna began in the Early Cambrian, 
increased in diversity during the Cambrian, gradually diminished 
in importance after the Ordovician, and was severely affeeted by 
the end-Permian mass extinction. 



Of the typical components of the Cambrian evolution- 
ary fauna, only trilobites and other arthropods are important 
trace-fossil producers, being inartieulate brachiopods makers of 
Lingulichnus. The increase and subsequent decrease in domin- 
anee and diversity of arthropod- and particularly trilobite-pro- 
duced trace fossils eertainly follows the trend displayed by the 
Cambrian evolutionary fauna (see Sections 14.1.3 and 14.1.4). 
Also, tiering analysis based on the study of ichnofaunas indi- 
cates relatively simple community structures and limited utiliza- 
tion of the infaunal ecospaee. Deposit-feeding iehnoguilds are 
mostly shallow tier, while deep-tier iehnoguilds of suspension 
feeders are restricted to high-energy nearshore zones. Bambaeh 
(1993) has proposed that the paucity of deep deposit-feeding 
buiTowers in offshore to deeper-water settings indicates limited 
amounts of food buried in the sediment. Limited durophagous 
predation is also suggested by the trace-fossil record, as illus- 
trated by the scareity of bored shells (see Section 14.2.3). Based 
on the existence of graphoglyptids in shallow-water deposits, it 
may be argued that farming and trapping strategies had already 
developed during the Cambrian, and later migrated into the deep 
sea (see Section 14.2.2). Because these sophisticated strategies 
are usually employed as a response to scarce food resourees, this 
pattern seems to be consistent with comparatively limited food 
in shallow seas during the Cambrian (Buatois and Mangano, 
2003b). 

The Paleozoic evolutionary fauna was dominated by artieu- 
late brachiopods, rugose and tabulate corals, and crinoids; steno- 
laemate bryozoans, graptolites, and cephalopods were common 
also (Sepkoski, 1981). The benthos experienced a diversifiea- 
tion in deposit feeders, detritus feeders, suspension feeders, and 
grazers, while suspension feeders and predators diversified in 
the pelagic setting (Bambach, 1983; Sheehan, 2001). Predation 
levels also increased and the ecological structure of the commu- 
nities became more complex. As a result of the Ordovician radi- 
ation, the number of modes of life utilized by skeletal organisms 
increased to a total of 30 by the Late Ordovician; the scarcity of 
Konservat-Lagerstatten precludes analysis of soft-bodied faunas 
(Bambach et al, 2007; but see Van Ray et al, 2010). Of the 20 
potential Bambachian megaguilds, 14 were filled by the Paleozoic 
fauna (Sheehan, 2001). The Paleozoic evolutionary fauna began 
in the Early Cambrian, but attained its maximum diversity in the 
Ordovician. Diversity was maintained during the Paleozoic and, 
although the fauna persisted into the Mesozoic and the Cenozoic, 
it was significantly affected by the end-Permian mass extinction, 
showing a rapid decline (Sepkoski, 1981). 

The ichnological expression of the Paleozoic evolution- 
ary fauna is mostly reflected by an increase in ichnodiversity 
and tiering complexity, as well as by an increase in degree 
and depth of bioturbation. As previously discussed, the num- 
ber of shallow-marine ichnogenera doubled as a result of the 
Ordovician radiation (see Section 14.1.4). The tiering struc- 
ture of ichnofaunas becomes more complex, both by the add- 
ition of deeper tiers and by the addition of a wider variety of 
behavioral patterns in previously occupied tiers, mostly in the 
case of offshore deposit-feeding faunas (Mangano and Droser, 
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2004; Mangano and Buatois, 2011). Interestingly, recent stud- 
ies suggest that infaunalization by deposit feeders in offshore 
silieiclastic environments was most likely diachronic, with mid 
tiers being colonized first in Laurentia and Baltiea, and subse- 
quently in Gondwana (Mangano and Buatois, 201 1). An overall 
inerease in the depth of bioturbation seems to have occurred 
since the Ordovician and well into the Devonian (Larson and 
Rhoads, 1983). Bioturbation depths of 5-6 cm were common, 
locally with depths up to 30 cm (Bambach, 1993). Preliminary 
data suggest that these levels persisted into the Triassic (Aigner, 
1985). Increased burrowing depths by deposit feeders have been 
linked to an increase in the amount of buried food (Bambach, 
1993). In contrast, Skolithos pipe rock, a product of deep-tier 
suspension feeders which was widespread during the Cambrian, 
become less common through the Paleozoic (Droser, 1991; 
Desjardins et ah, 2010a). Although the reasons for this decline 
are unclear, increased disturbance of the substrate by deposit 
feeders may have impacted negatively on passive suspension 
feeders (Thayer, 1979; Miller and Byers, 1984) (see Section 
6.6). In fact, the diversification of sediment bulldozers has been 
deemed responsible for the decline throughout the Phanerozoic 
of suspension feeders living in soft sediments (Thayer, 1979). 
Other potential factors involved in the decline of large sessile 
suspension-feeders may have been the radiation of predators 
(Mcllroy and Garton, 2004) and greater spatial competition for 
the infaunal ecospace (Desjardins et al., 2010a). Ichnological 
evidence of increased durophagous predation in the Paleozoic 
evolutionary fauna is indicated by a higher abundance of preda- 
tory holes. Overall, bioerosion increased significantly in both 
diversity and intensity (see Section 14.2.3). 

The Modem evolutionary fauna is dominated by molluscks 
(bivalves and gastropods), echinoids, crustaceans, and different 
vertebrates; g 3 minolaemate bryozoans, demosponges, and ammo- 
nites are also members of this fauna (Sepkoski, 1981). A significant 
diversification occurs in the pelagic realm. The evolutionary inno- 
vations that took place during the Mesozoic have been referred 
to as “the Mesozoic marine revolution” by Vermeij (1987). This 
event led to a major restructuring of shallow-marine benthic com- 
munities. Some of these changes involved the acquisition of add- 
itional ecological guilds that were not present in the Cambrian 
and Paleozoic evolutionary faunas, particularly with respect to 
the exploitation of the deep infaunal ecospace (Thayer, 1983; 
Bambach, 1983). The intensification of grazing and the diversi- 
fication of durophagous predators were conducive to increases in 
prey sturdiness and the frequency of shell repair (Vermeij, 1987; 
Kelley and Hansen, 2001) (see Section 14.2.3). The number of 
modes of life utilized increased up to present levels (Bambach et al . , 
2007). All 20 Bambachian megaguilds were filled (Sheehan, 2001). 
Overall, the body-fossil record shows that by the late Cenozoic, 
marine paleocommunities have a much greater representation of 
infaunal organisms and higher proportion of motile animals than 
mid-Paleozoic communities (Bush et al., 2007). The Modem evo- 
lutionary fauna began in the early Paleozoic, becoming dominant 
after the end-Permian mass extinction (Sepkoski and Sheehan, 
1983; Sepkoski and Miller, 1985). 



The advent of the Modern evolutionary fauna is clearly 
reflected by the ichnological record (e.g. Carmona et al., 2008). 
This is obvious not only from the composition of the ichnofaunas, 
but also from the complexity of tiering structure and intensity 
and depth of bioturbation. The imprint of malacostracan crusta- 
ceans is evidenced by the dominance of a wide variety of burrow 
systems produced by these organisms, such as Thalassinoides, 
Ophiomorpha, Spongeliomorpha, and, to a lesser extent, Pholeus, 
Psilonichnus, Sinusichnus, and Maiakariclmus (Carmona et al., 
2004; Verde and Martinez, 2004; Curran, 2007; Buatois et al., 
2009a). To this list we should add the double helicoidal bur- 
row Lapispira, also possibly produced by decapod crustaceans 
(Lanes et al., 2007). Crustacean burrows become dominant not 
only in offshore to shelf environments, but also in nearshore set- 
tings. In fact, Ophiomorpha replaced Skolithos as the dominant 
component of the Skolithos ichnofacies in post-Paleozoic strata 
(Droser and Bottjer, 1993). Another typical component of the 
Modern evolutionary fauna reflected in the trace-fossil record 
is irregular echinoid burrows, namely Scolicia and Bichordites, 
which are known since the Jurassie (Smith and Crimes, 1983). To 
this list we may add a number of post-Paleozoic morphologic- 
ally complex ichnogenera (e.g. Paradictyodora, Patagonichnus) 
that are probably produced by unknown soft-bodied organisms 
(Olivero et al., 2004; Olivero and Lopez-Cabrera, 2005). The 
eomplex tiering structure commonly revealed by these ichno- 
faunas shows the development of a finely partitioned infaunal 
niche and an increase in degree of bioturbation. This is particu- 
larly obvious in the case of Neogene shallow-marine ichnofau- 
nas, which typically display complex tiering patterns and a wide 
variety of ichnoguilds (e.g. Buatois et al., 2003; Carmona et al, 
2008). Depth of bioturbation reached a maximum, with erust- 
acean burrows colonizing the deep infaunal ecospace and reach- 
ing several meters below the sediment-water interfaee. Increased 
intensity of predation is revealed by the larger proportion of 
shells showing evidence of drilling holes produced by gastro- 
pods and breakage by crabs (Vermeij, 1987; Bambaeh, 1993). 
In addition, a remarkable increase in the diversity of bioerosion 
structures due to predation resulted from the Mesozoie marine 
revolution (see Seetion 14.2.3). Increased infaunalization and 
predation may also reflect an increase in the biomass of marine 
eonsumers (Bambach, 1993). 

It has been suggested that evolutionary innovations commonly 
started in shallow water and subsequently migrated or expanded 
into deeper water. In fact, this pattern is also revealed by the evo- 
lutionary faunas themselves (Sepkoski and Miller, 1985) (see 
Seetions 14.2.2 and 14.2.4). Also, the intensity of bioturbation 
first increased in shallow-water settings and only occurred later 
in the offshore (Droser and Bottjer, 1989). In addition, some 
ichnogenera seem to display an offshore-onshore trend. In the 
ease of expansion, an iehnogenus that occurs for the first time in 
shallow water subsequently extends its environmental range into 
deeper water without loss of onshore representatives. In contrast, 
retreat involves migration into deeper water with loss of onshore 
representatives (Botjjer et al, 1988; Stanley and Piekerill, 1993). 
For example, the iehnogenus Zoophycos is common in Paleozoic 
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shallow-marine deposits. However, it migrated into deeper water 
throughout the Mesozoic, essentially disappearing from nearshore 
areas by the Cenozoic, providing an example of retraction (Bottjer 
et ah, 1988). Another example of retraction into deep-water set- 
tings has been suggested for the ichnogenus Fustiglyphus (Stanley 
and Pickerill, 1993). The ichnogenus Ophiomorpha, restricted to 
shallow-marine environments during the late Paleozoic and early 
Mesozoic, expanded into deep water during the late Mesozoic 
(Bottjer e? a/, 1988; Tchoumatchenco and Uchman, 2001). Scolicia 
may have originated in shallow-marine settings, but expanded into 
deep water by the end of the Cretaceous, displaying an optimiza- 
tion of grazing patterns (Seilacher, 1986). Other ichnogenera, 
such as Asteriacites, seem to exhibit less straightforward distribu- 
tion patterns (Mikulas, 1992). 

14.2.2 COLONIZATION OF THE DEEP SEA 

The colonization of the deep sea was one of the first evolution- 
ary processes addressed from an ichnological perspective (e.g. 
Seilacher, 1974, 1977b; Crimes, 1974). More recently, it has 
been discussed in detail in a number of papers (e.g. Orr, 2001; 
Uchman, 2003, 2004a). In particular, Uchman (2004a) provided 
a comprehensive analysis of the Phaneozoic history of deep-sea 
trace fossils supported by an extensive database. There is gen- 
eral agreement in that: (1) complex behavioral patterns initially 
evolved in shallow water, and subsequently migrated into the 
deep sea (Crimes and Anderson, 1985; Crimes and Fedonkin, 
1994; Jensen and Mens, 1999), and (2) that there has been an 
increase in complexity and diversity of trace fossils throughout 
the Phanerozoic (Crimes, 1974; Seilacher, 1974, 1977b; Crimes 
and Crossley, 1991; Uchman, 2003, 2004a). 

The earliest record of deep-marine trace fossils is Ediacaran, 
as indicated by poorly diverse, nonspecialized grazing trails (e.g. 
Helminthopsis, Helminthoidichnites) in connection with micro- 
bial mats (MacNaughton et ah, 2000; Liu et al., 2010) (Fig. 
14.7). These strategies linked to exploitation of microbial mats 
persisted well into the Cambrian with the addition of arthro- 
pod trackways (e.g. Diplichnites) and more sophisticated feed- 
ing strategies represented by different Oldhamia ichnospecies 
(Buatois and Mangano, 2003a) (Fig. 14.7). 

Deep-marine ecosystems underwent significant changes by 
the end of the Cambrian, probably as a result of increased 
competition for ecospace and/or resources within shallow-ma- 
rine ecosystems that forced animals into deeper-water settings 
(Crimes et ah, 1992; Crimes, 2001; Orr, 2001; Mangano and 
Droser, 2004; Buatois et al., 2009b). The main lineages of deep- 
marine trace fossils (i.e. rosette, meandering, networks, and 
spirals) were established in deep-sea environments by the Early 
Ordovician, recording the first appearance of the Nereites ichno- 
facies (Orr, 2001; Mangano and Droser, 2004; Uchman, 2004a; 
Buatois et al., 2009b) (Fig. 14.7). Lower to Middle Ordovician 
deep-marine ichnofaunas seem to be moderately diverse, and 
fodinichnia commonly dominates rather than graphoglyptids 
(e.g. Orr, 1996). A significant diversity increase occurred in the 
Upper Ordovician-Lower Silurian, with ichnofaunas recording 



higher proportions of graphoglyptids (McCann, 1990; Orr, 200 1 ; 
Mangano and Droser, 2004; Uchman, 2003, 2004a). In short, 
ichnological evidence records the advent of a deep-marine eco- 
system of modern aspect during the Ordovician, representing 
a second-level change {sensu Droser et al., 1997). Interestingly, 
most of the Cambrian-Ordovician deep-marine trace fossils 
represent the activity of shallow-tier organisms. However, Orr 
(2003) documented Ordovician deep-marine ichnofabrics that 
record the activity of a climax suite that may have penetrated at 
least 40 cm into the substrate. Other examples of deep bioturb- 
ation (e.g. Pickerill and Williams, 1989) may have been produced 
by the activity of doomed pioneers transported from shallow- 
to deep-marine environments via turbidity currents (Waldron, 
1992; Allison and Briggs, 1994). 

Uchman (2004a) noted that Ordovician to Carboniferous 
deep-marine ichnofaunas were compositionaUy similar, typic- 
ally containing Dictyodora, several ichnospecies of Nereites, and 
Megagrapton, among other ichnotaxa. In particular, Dictyodora 
records a clear evolutionary trend from the Upper Ordovician to 
the Carboniferous, as revealed by an increase in the height of the 
wall, and an improvement in feeding efficiency (Seilacher, 1967a; 
Benton, 1982). This pattemsuggestsastrategy of underground min- 
ing progressively deeper into the sediment through time (Seilacher, 
1967a; Benton and Trewin, 1980; Benton, 1982; Seilacher-Drexler 
and Seilacher, 1999; Mangano and Droser, 2004). 

A subsequent ichnodiversity peak is recorded in the Early 
Carboniferous (Orr, 2001; Uchman, 2004a). However, the rest 
of the Carboniferous experienced a constant decrease in ichno- 
diversity, culminating in overall low-ichnodiversity levels dur- 
ing the Permian to the Middle Jurassic (for an exception see 
Wetzel et al., 2007) (see Section 14. 1.6). Uchman (2004a) linked 
the decrease in ichnodiversity during the Late Carboniferous- 
Permian to the deep-seawater temperature decrease resulting 
from the Gondwanan glaciations. He also noted that some 
typical earlier Paleozoic ichnotaxa disappeared from the fossil 
record (e.g. Dictyodora and Spirodesmos). 

Significant innovations had taken place in the deep sea by the 
Late Jurassic-Early Cretaceous, when trace fossils produced by 
irregular echinoids {Scolicia) and large decapod crustaceans 
{Ophiomorpha) occurred for the first time (Tchoumatchenco 
and Uchman, 2001). These are efficient bioturbators and their 
arrival at deep-sea bottoms was conducive to intensive plowing 
of the sediment, deepening of the redox boundary, and expan- 
sion into deeper tiers (Uchman, 2004a). This author regarded 
this event as somewhat analogous to the Agronomic Revolution 
of Cambrian times (see Section 14.1.3). Also, an ichnodiversity 
peak is detected by the Late Jurassic-Early Cretaceous, fol- 
lowed by a remarkable decrease during the Albian, most likely 
as a result of widespread anoxia. 

The maximum ichnodiversity peak is reaehed during the 
Eocene, accompanied by the largest contribution of graphoglyp- 
tids to global diversity (Uchman, 2003, 2004a). The Eocene opti- 
mum in graphoglyptid diversity has been linked to the advent 
of oligotrophic conditions in the oceans linked to global warm- 
ing (Tunis and Uchman, 1996a, b). However, recent research on 
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Figure 14.7 Early history of deep-sea colonization in comparison with evolutionary events in the shallow-marine realm. Colonization of deep-sea bot- 
toms was delayed with respect to that of shallow-marine environments. By the Ediacaran, typical shallow-marine ichnofaunas consist of nonspecialized 
grazing trails, such as Helminthopsis (HI), Helminthoidichnites (He), and Gordia (Go), the rasping trace RaduUchnus (Ra), and trace fossils produced 
by Dickinsonia (Dtf) and Yorgia (Ttf). Coeval deep-marine deposits contain less diverse ichnofaunas, essentially consisting of Helminthopsis {HI) and 
Helminthoidichnites (He). Microbial mats are widespread in both settings. Lowermost Cambrian (Fortunian) shallow-marine deposits reflect a remark- 
able increase in ichnodiversity, and are dominated by branched burrows, typically Treptichnus (Tr), arthropod trace fossils such as Diplichnites (Di), 
Rusophycus (Ru), and Diplopodichnus (Do), the spiral-shaped burrow Gyrolithes (Gy), the plug-shaped burrow Bergaueria (Be), and simple burrows 
such as Palaeophycus (Pa) and Planolites (PI). Cochlicimus (Co), Helminthopsis (HI), and Helminthoidichnites (He) are also common. Some ichnospe- 
cies of Oldhamia (01) may occur in shallow-marine settings. Microbial matgrounds display a more patchy distribution. Later in the Early Cambrian 
other ichnotaxa become typical in shallow-marine environments. These include a wide variety of vertical burrows abundant in high-energy environ- 
ments, such as Skolithos (Sk), Diplocraterion (Dp), Arenicolites (Ar), Rosttelia (Ro), and Syringomorpha together with other ichnogenera more 
typical of lower-energy settings, including Psammichnites (Ps), Planolites (PI), Palaeophycus (Pa), Rusophycus (Ru), and Cruziana (Cr). Microbial mats 
became restricted to stressed settings, being rare in fully marine settings later in the Cambrian. Cambrian deep-marine ichnofaunas remained poorly 
diverse. Different ichnospecies of Oldhamia (O!) are dominant, together with unspecialized grazing trails such as Helminthoidichnites (He), Helmintopsis 
(HI), Cochlicimus (Co), the feeding trace Circulichnis (Ci), arthropod trackways such as Diplichnites (Di), and the plug-shaped burrow Bergaueria (Be). 
Matgrounds persisted in the deep sea during the Cambrian. Lowermost Ordovician (Tremadocian) deep-marine ichnofaunas are characterized by 
branched feeding burrows, typically Muhina (Mu), simple trace fossils such as Palaeophycus (Pa) and Helminthoidichnites (He), and the bivalve locomo- 
tion trace Protovirgularia (Pr). Graphoglyptids also occur, including Megagrapton (Me), Paleodictyon (Pd), and Lorenzinia (Lo), although they do not 
seem to be abundant. The plug-shaped burrow Bergaueria (Be) persisted in this setting. Later in the Ordovician, a remarkable increase in trace-fossil 
diversity took place in deep-sea environments. These ichnofaunas consist of a wide variety of forms, including the graphoglyptids Megagrapton (Me), 
Paleodictyon (Pd), Protopaleodictyon (Pf), Cosmorhaphe (Cs), Spirorhaphe (Sp), Acanthorhaphe (Ac), Glockerichnus (Gl), and Lorenzinia (Lo). Other 
ichnotaxa include Chondrites (Ch), Spirophycus (Sr), Dictyodora (Dc), Helminthoidichnites (He), Protovirgularia (Pr), Cruziana (Cr), Rusophycus (Ru), 
Nereites (Ne), Asteriacites (.4.s), Cochlichnus (Co), Circulichnis (Ci), Helminthopsis (HI), Gordia (Go), and Saerichnites (Sa). Microbial mats show a 
remarkably patchy distribution. Modified from Mangano and Buatois (2007), and Buatois et al. (2009b). 
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ichnofaunas from Tierra del Fuego, southern Argentina, demon- 
strated a diversity peak accompanied by a cooling trend (Lopez- 
Cabrera et al, 2008). Accordingly, these authors suggested a link 
between diversification of graphoglyptids and constancy of rela- 
tive oligotrophy, rather than temperature per se. 

Most graphoglyptid ichnotaxa have their first oecurrence in 
Upper Cretaceous-Eocene rocks (Uchman, 2003). Also, since 
the Late Cretaceous graphoglyptids displayed an accelerated 
evolution with farming becoming a widespread strategy in 
the deep sea (Seilacher, 1977b; Uehman, 2004a). After the 
Eocene, no new graphoglyptid ichnotaxa have been recorded 
(Uchman, 2004a). By the Oligocene, parallel to a decrease 
in water temperatures, ichnodiversity displayed a dramatic 
decrease, most likely linked to the Eocene-Oligocene bound- 
ary crisis, which negatively impacted on other groups, such 
as foraminiferans, dinoflagellates, and nanoplankton. No 
increase in ichnodiversity was recorded during climatic ameli- 
oration in the Miocene (Uchman, 2004a). 

14.2.3 COLONIZATION OF HARD SUBSTRATES 

Examination of trends displayed by marine bioerosion structures 
allows an understanding of evolutionary changes in marine hard 
substrate communities, including the role of drilling predation 
(e.g. Kowalewski et al, 1998, 1999; Harper et ah, 1999; Perry and 
Bertling, 2000; Taylor and Wilson, 2003; Bromley, 2004; Glaub, 
2004; Wilson, 2007; Tapanila, 2005, 2008). The oldest trace fossils 
known are microborings reported from Archean (3500 ma) pillow 
lavas from South Africa (Fumes et al., 2004). These structures 
record microbial etching of glass along fractures and indicate 
biologically mediated corrosion. The presence of organic carbon 
in the margins of the microborings and isotopically low 5*’C 
values of carbonate in the glassy rims of the pillow support 
microbial fractionation and a biogenic origin for these struc- 
tures. Bioerosion evidence is therefore consistent with an early 
origin of thermophilic microbes around deep-sea hydrothermal 
vents. Paleo- to Mesoproterozoic stromatolites were bored by 
cyanobacteria (Zhang and Golubic, 1987). Microbioerosion due 
to cyanobacteria has been also reported from Neoproterozoic 
oolites and pisolite grains (Knoll et al, 1986). 

Although bioerosion became more important during the 
Cambrian, borings provide evidence of incipient predation dur- 
ing the Ediacaran. Predatory holes (assigned to the ichnogenus 
Oichnus) in the tubular shell Cloudina suggest that shell-drilling 
predation may have been already present in the Ediacaran, rep- 
resenting the oldest evidence of macrobioerosion (Bengtson and 
Yue, 1 992; Hua et al, 2003). The intensity of bioerosion increased 
as a result of the Cambrian explosion, but borings were very sim- 
ple and diversity remained low with only Trypanites and Oichnus 
recorded (Wilson, 2007). High densities of Trypanites are present 
in Lower Cambrian archaeocyathid reefs, revealing domichnial 
bioerosion by a macroboring biota (James et al, 1977; Kobluk 
et al, 1978). The round hole Oichnus is present in Cambrian 
shells, representing increased predation levels, albeit signifi- 
cantly lower that those displayed by younger faunas (Matthews 
and Missarzhevsky, 1975; Conway Morris and Bengtson, 1994; 



Bromley, 2004). Bitten trilobites provide further evidence of pre- 
dation in the Cambrian (Babcock, 1993; Pratt, 1998). 

A significant rise in bioeroders probably occurred by the end 
of the Middle Ordovician (Kobluk et al, 1978; Ekdale and 
Bromley, 2001b; Wilson and Palmer, 2001, 2006; Benner et al, 
2004), and has recently been referred to as “the Ordovician 
Bioerosion Revolution” by Wilson and Palmer (2006). This 
event is not only reflected in bioerosion domiciles but also in 
bioclaustrations (Tapanila, 2008). Early to Middle Ordovician 
bioerosion was dominated by simple borings such as Trypanites 
and Palaeosabella, although clavate borings (Gastrochaenolites), 
which are attributed to bivalves in younger rocks, have been 
recorded (Ekdale and Bromley, 2001; Ekdale et al, 2002; 
Benner et al, 2004). Late Ordovician hardground communities 
also included sponge borings (Cicatricula), bryozoan etchings 
(Ropalonaria), and bivalve borings (Petroxestes) (Wilson and 
Palmer, 2006; Wilson, 2007). The oldest record of green algae 
microborings {Reticulina) is known from the Ordovician, while 
that of red algae microborings (Palaeoconchocelis) is from the 
Silurian (Glaub and Vogel, 2004). 

A subsequent increase in the diversity of macroborings 
had occurred by the Devonian (“Middle Paleozoic Marine 
Revolution” of Wilson, 2007, also referred to as a precursor of 
the “Mesozoic Marine Revolution” by Signor and Brett, 1984). 
Some of the bioerosion ichnotaxa which appeared by this time 
(e.g. Entobia, Rogerella, Caulostrepsis, Talpina) became dom- 
inant throughout the rest of the Phanerozoic (Bromley, 2004; 
Wilson, 2007). By the Carboniferous, the first Gastrochaenolites 
confidently attributed to bivalves has been recorded (Wilson 
and Palmer, 1998). Notably, diversification of macroborings 
and bioclaustrations is decoupled because the latter shows 
a decrease in diversity by the Late Devonian, most likely as a 
result of a decline in the host eoralline taxa (Tapanila, 2005; 
Tapanila and Ekdale, 2007). 

By the Jurassie, the Mesozoic Marine Revolution (Vermeij, 
1977) is marked by an increase in the diversity, abundance, and 
size of macrobioerosion structures (Bromley, 2004; Wilson, 
2007). An inerease in diversity by the beginning of the Mesozoic 
is also evidenced by microborings (Glaub and Vogel, 2004). In 
addition, this event was charaeterized by the rise of boring 
echinoids and an increase in the abundance of sponge borings 
(Taylor and Wilson, 2003). A large number of ichnotaxa occurs 
for the first time in the Mesozoie, including the echinoid bite 
traee Gnathichnus, the echinoid boring Circolites, the cirriped 
etching scar Centrichnus, the bryozoan etching trace Leptichnus, 
and the bivalve wood boring Teredolites. 

These evolutionary changes have a direct influence on the 
nature of some substrate-controlled ichnofacies. The Teredolites 
ichnofacies has not been recorded prior to the Cretaeeous. In 
addition, the Jurassic represents a pivotal point for hardground 
ichnofacies because it marks the appearance of the Gnathichnus 
ichnofacies (Gibert et al, 2007). Also, sponge and bivalve bor- 
ings became common after the Jurassic, resulting in the appear- 
ance of the so-called Entobia association (Bromley and Asgaard, 
1993a; Gibert et al, 1998). Interestingly, Tapanila (2008) 
noted that, with the exception of echinoids, no new classes of 
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organisms adopted an endolithic strategy during the Mesozoic 
Marine Revolution. By the beginning of the Cenozoic, a change 
is reflected in the dominant microbioeroding ichnotaxa, with 
the appearance of new iehnogenera whose oldest record is 
Paleogene (Glaub and Vogel, 2004). 

14.2.4 COLONIZATION OF TIDAL FLATS 

Tidal flats are geologically ephemeral systems, and at a given 
geographic region rarely last longer than 10'* years as a result of 
transgressions and regressions (Reise, 1985). In contrast to the 
long-term temporal instability, tidal flats are, on a daily basis, 
highly predictable and controlled by tidal cyclieity. Tidal flats 
usually are regarded as harsh, heterogeneous, physically con- 
trolled environments (see Section 7.2). From a biological per- 
spective, tidal flats are highly heterogeneous systems in whieh 
interspecifie interactions are poorly regulated and open to 
numerous possibilities. Accordingly, ecological and environ- 
mental attributes of tidal-flat communities, together with the 
high genetic variability in populations inhabiting unstable envi- 
ronments, may have provided the appropriate ground for major 
steps in evolution (Reise, 1985). 

Comparison of tidal-flat ichnofaunas through time helps 
to address the problem of onshore replacement and offshore 
migration of benthic faunas, and provides ground data to 
evaluate the notion that tidal flats may have served as sites of 
evolutionary innovations (Mangano et ah, 2002a). The earli- 
est records of trace fossils in intertidal deposits are from the 
earliest Early Cambrian (Fortunian), and consist of monospe- 
ciflc occurrences of Treptichnus pedum (Buatois et al., 2007c; 
Almond et al., 2008). Younger early Paleozoic tidal-flat ichno- 
faunas are dominated by trilobite and other arthropod traee 
fossils (e.g. Durand, 1985; Astini et al., 2000; Mangano et al., 
2001b; Mangano and Buatois, 2004b). Some aspects of early 
Paleozoie tidal flats are anactualistie in nature (Mangano 
and Buatois, 2004b). While modern tidal flats are character- 
ized by abundant food supply derived from multiple sources, 
including terrestrially-derived organic particles, early Paleozoic 
intertidal trophic webs were almost entirely based on the 
organically rich marine source and significant autochthon- 
ous production. Modern intertidal organisms are exposed 
to a double set of predators: preyed on by marine organisms 
during submergence and by terrestrial organisms during emer- 
gence. Contrastingly, early Paleozoic intertidal environments 
may have functioned as refugia in the absence of continental 
predators, only being under the pressure of marine predators 
(Mangano and Buatois, 2004b). Another anactualistie aspect, 
particularly for Cambrian tidal flats, is the eommon presence 
of microbial matgrounds (Hagadorn et al., 2002; Hagadorn 
and Belt, 2008). Tidal-flat deposits contain a wide variety of 
microbially induced structures that allowed preservation of 
medusa body fossils, and a peculiar suite of trace fossils eon- 
sisting of the giant mollusk-like trail Climactichnites, its associ- 
ated resting trace Musculopodus, and the arthropod trackway 
Protichnites (Yochelson and Fedonkin, 1993; Hagadorn et al.. 



2002; Hagadorn and Belt, 2008; Seilacher, 2008; Getty and 
Hagadorn, 2008, 2009). 

Although the pieture that emerges from these early Paleozoic 
tidal flats is significantly different, they may have resembled 
modern ones in their ecological role as sites of reproduction 
and protection. Arthropod incursions in early Paleozoic tidal 
flats, recorded by the presence of Rusophycus, Cruziana, and 
Dimorphiclmus, provide direct evidence of an early eolonization 
of intertidal environments, and show that representatives of the 
Cambrian evolutionary fauna were not restricted to offshore 
settings, but were able to colonize very shallow-water environ- 
ments. Skolithos and Syringomorpha pipe rock occurs in high- 
energy sand-flat areas. Depth and extent of bioturbation reveal 
colonization of a relatively deep-infaunal ecospace by endoben- 
thic organisms at least in lower-intertidal areas, suggesting a 
significant landward expansion of the Agronomic Revolution 
(Mangano and Buatois, 2004b). 

Molluscan trace fossils, in particular those of bivalves, are 
important components in late Paleozoic tidal-flat deposits 
(e.g. Rindsberg, 1994; Mangano et al., 2002a; Mangano and 
Buatois, 2004a). Late Paleozoic intertidal ichnofaunas are 
remarkably different from those recorded in early Paleozoic 
tidal flats in that trilobite-dominated faunas were replaced by 
bivalve-dominated communities. Sepkoski and Miller (1985) 
documented onshore-offshore patterns of evolutionary faunas. 
Based on the analysis of body-fossil communities, these authors 
detected a replacement of trilobite-rich eommunities by mol- 
lusk-rieh communities in shallow-water niches throughout the 
Paleozoic. Ichnological analysis of Paleozoic tidal-flat ichno- 
faunas provides further support to this model, and underscores 
the importance of tidal flats as nurseries of evolutionary innova- 
tions (Mangano et al., 2002a). Bivalves, in eontrast to articulate 
brachiopods, were particularly adaptable to physically unstable, 
stressful nearshore settings (Steele-Petrovic, 1979). The strik- 
ing ecological segregation between articulate brachiopods and 
bivalves may indicate a higher tolerance of bivalves to unstable 
environments (Olszewski, 1996). 

Analysis of late Paleozoic tidal-flat ichnofaunas also reflects 
patterns of colonization of the infaunal ecospace hy bivalves. 
Presence of large specimens of Lockeia siliquaria in Carboniferous 
intertidal sandstone suggests relatively deep-bivalve burrowing 
below the sediment-water interface (Mangano etal., 1998). These 
burrows have been attributed to the anomalodesmatan Wilkingia, 
also present in the same deposits, most likely illustrating siphon- 
feeding in the late Paleozoic, preceding the subsequent Mesozoic 
radiation of siphon-feeding infaunal bivalves (Mangano et al., 
1998) (Fig. 14.8). Although the deep-infaunal ecospace was colo- 
nized, late Paleozoic intertidal ichnofaunas contain a high diver- 
sity of shallow-tier trace fossils, suggesting that deep burrowers 
did not obliterate shallowly emplaced structures. 

Mesozoic and Cenozoic tidal-flat ichnofaunas are quite dif- 
ferent from their Paleozoie equivalents, but they share many 
similarities with Recent examples. Post-Paleozoic tidal-flat 
deposits tend to be dominated by deep- to mid-tier crustacean 
burrows together with a wide variety of polychaete and bivalve 
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Figure 14.8 Evolutionary innovations in tidal flats. Boxes illustrate 
Bambachian megaguilds for infaunal ecospace based on body fossils 
after Bambach (1983). According to body-fossil information, no sus- 
pension feeders occupied deep tiers before the Mesozoic marine revo- 
lution. However, ichnological information (deep Lockeia siliquaria) 
indicates that suspension- feeding bivalves colonized the deep-infaunal 
ecospace in tidal-flat settings by the late Paleozoic. This prompted 
re-evaluation of associated body fossils, suggesting that the potential 
producer, the anomalodesmatan Wilkingia, was an efficient siphonate 
burrower (Mangano et ah, 1998). 



trace fossils (Mangano et al., 2002a). This seems to be the case 
in most modern tidal flats, where these groups dominate (e.g. 
Howard and Dorjes, 1972; Curran and Martin, 2003). In add- 
ition, crustaceans and polychaetes produce large quantities 
of argillaceous fecal pellets, and they are therefore important 
agents of biosedimentation and modifiers of substrate prop- 
erties (Pryor, 1975; Bromley, 1990, 1996; Curran and Martin, 
2003). In contrast to late Paleozoic tidal-flat ichnofaunas, 
Mesozoic to Cenozoic ichnofaunas are biased towards deeper 
tiers. Burrowing activities of crustaceans may have caused sig- 
nificant sediment reworking and obliteration of shallower tiers. 
Overall, post-Paleozoic tidal flats exhibit only moderate levels 



of ichnodiversity. This trend likely represents a taphonomic arti- 
fact resulting from the dominance of deep infaunal crustaceans 
in Mesozoic and Cenozoic tidal-flat ecosystems. Establishment 
of crustacean-dominated communities in tidal-flat ecosystems 
may have played a significant role in the offshore expansion of 
bivalves during the Mesozoic (Mangano et al., 2002a). 



14.2.5 COLONIZATION OF BRACKISH- WATER 
ENVIRONMENTS 

The invasion of marginal-marine environments represents 
the appearance of an ecosystem and, therefore, qualifies as a 
first-level paleoecological event sensu Droser et al. (1997). The 
ichnological aspects of the colonization history of brackish- 
water environments have been recently explored (Buatois et al., 
2005). According to these authors, brackish-water ichnofaunas 
show an increase in ichnodiversity, an increase in the intensity 
of bioturbation, the addition of new invaders, environmental 
expansion, and faunal replacements through the Phanerozoic. 
The colonization of marginal-marine, brackish-water envi- 
ronments by fully marine organisms was a long-term process, 
but did not occur at a constant rate. Five major colonization 
phases have been proposed: Ediacaran-Ordovician, Silurian- 
Carboniferous, Permian-Triassic, Jurassic-Paleogene, and 
Neogene-Recent (Buatois et al., 2005) (Fig. 14.9). 

The first phase (Ediacaran-Ordovician) is a prelude to the 
major invasion that occurred during the rest of the Paleozoic. 
Although Ediacaran trace fossils have been recorded for the 
most part in open-marine strata, at least in one case, biogenic 
structures were described from deposits formed in a coastal 
environment subjected to rapid changes in salinity, as well as 
in sedimentation rate and turbidity (Netto and Martini da 
Rosa, 2001). This ichnofauna may represent one of the earliest 
attempts of benthic organisms to survive under marginal-ma- 
rine conditions. As a result of the Cambrian explosion, a new 
array of characters invaded brackish-water settings. Among 
these, arthropods, including trilobites, trilobitomorphs, and 
eurypterids, were among the most successful (Selley, 1970; 
Mikulas, 1995; Braddy and Almond, 1999; Webber and Braddy, 
2004; Mangano and Buatois, 2003a). In Cambrian-Ordovician 
estuaries and embayments, trace fossils of trilobites and other 
arthropods occur in fine-grained deposits of low-energy zones, 
while high- to moderate-energy sandstones, such as those 
forming subtidal bars, are dominated by vertical burrows (e.g. 
Skolithos) (e.g. Martin, 1993; Mangano et al., 2001b; Mangano 
and Buatois, 2003a; Baldwin et al., 2004). Most of the lower 
Paleozoic ichnofaunas recorded in marginal-marine deposits 
are from tide-dominated estuaries, where salinity stress was 
probably attenuated by tidal mixing. Also, environmental 
expansion is recorded through the early Paleozoic. Cambrian 
trace fossils seem to be restricted to the outer regions of estuar- 
ies, but Ordovician ichnofaunas reveal a slight landward expan- 
sion, also being present in more central zones of the estuaries 
(Mangano and Droser, 2004). In any case, intensity of bioturb- 
ation and ichnodiversity levels remained relatively low. 
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Figure 14.9 Colonization of brackish-water environments through geological time. The inner-estuary zone was essentially barren of bio- 
genic structures during the Ediacaran-Ordovician. During the Silurian-Carboniferous, facies-crossing ichnotaxa, such as Arenicolites (Ar), 
Palaeophycus {Pa), and Skolithos (Sk), occur. Inner-estuarine Permian-Triassic deposits are characterized by the addition of the crustacean 
burrow Thalassinoides (Th). An increase in ichnodiversity in this environment took place during the Jurassic-Paleogene with the addition of a 
number of ichnotaxa, including Ophiomorpha (Op), Rosselia (Ro), Teichichnus (Te), Cylindrichnus (Cy), and Diplocraterion (Di). Neogene inner- 
estuarine ichnofaunas are similar to those from the Jurassic-Paleogene, but may contain Psilonichnus (Ps) and Gastrochaenolites (Ga) as well. 
Cambrian-Ordovician middle-estuarine deposits are typically sparsely burrowed, and contain Diplichnites (Dp), Diplocraterion (Di), Trichophycus 
(Tr), and Palaeophycus (Pa). A remarkable increase in trace-fossil diversity occurred in this environment during the Silurian-Carboniferous 
with the presence of a number of ichnotaxa, including Palaeophycus (Pa), Planolites (PI), Asteriacites Cylindrichnus (Cy), Lingutichnus 
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The second phase (Silurian-Carboniferous) is characterized 
by the appearance of more varied trace-fossil morphologies 
and behavioral strategies (Buatois et al., 2005). As a result, a 
slight increase in ichnodiversity with respect to the previous 
phase is detected. While Cambrian-Ordovician ichnofau- 
nas are dominated by arthropod trace fossils, those from the 
Silurian-Carboniferous also inelude ichnotaxa produced by 
other benthic organisms, in particular, bivalves, ophiuroids, 
and polychaetes. The replacement of trilobite-dominated 
ichnofaunas may have been a consequence of the end-Ordovi- 
cian mass extinction, although an apparent decline in the abun- 
dance of trilobite trace fossils was already apparent by the Late 
Ordovician (Mangano and Droser, 2004) (see Section 14.1.4). 
The presence of more varied ichnofaunas may reflect an evo- 
lutionary rebound after the Late Ordovician mass extinction. 
Also, Silurian-Carboniferous benthic faunas experienced a 
remarkable environmental expansion, as illustrated by trace 
fossils present in inner- and middle-estuarine deposits as well 
(Buatois et al., 2002b). The extensive eolonization of terrestrial 
settings by land plants and animals may have promoted envir- 
onmental expansion and increased complexity of estuarine 
food webs. Silurian-Carboniferous brackish-water ichnofau- 
nas were essentially restricted to softgrounds, with very limited 
emplacement in firmgrounds. The intensity of bioturbation 
remains relatively low. 

Our understanding of the third phase (Permian-Triassic) 
still suffers from a scarcity of studies. Permian brackish-water 
traee-fossil assemblages are more similar to those from the 
Mesozoic rather than Paleozoic ones (Buatois et al., 2005, 
2007b; Netto et al., 2007). Despite these overall similarities, 
Permian-Triassic brackish-water deposits remain less bio- 
turbated, and contain lower-diversity trace-fossil suites than 
those from the fourth phase. Aceordingly, Permian-Triassic 
trace-fossil assemblages seem to represent a transitional 
phase between Paleozoic and Mesozoic marginal-marine 
ichnofaunas. Body-fossil data indicate that crustaceans radi- 
ated during the late Paleozoic, and that some of them adapted 
to brackish water (Briggs and Clarkson, 1990). Ichnological 
studies reveal the presence of numerous burrows that may 
have been produced by crustaceans, including Thalassinoides 
and Gyrolithes (Carmona et al., 2004; Buatois et al., 2007b; 



Netto et al., 2007). Firmgrounds commonly contained the 
Glossifungites ichnofacies, reflecting adaptations to com- 
pacted muds (e.g. Tognoli and Netto, 2003; Buatois et al., 
2007b; Netto et al., 2007). 

The fourth phase (Jurassic-Paleogene) is marked by a not- 
able increase in ichnodiversity and degree of bioturbation 
of brackish-water estuarine deposits (Buatois et al., 2005). 
Although less diverse than their fully marine counterparts, 
relatively diverse iehnofaunas have been recorded (e.g. Beynon 
et al., 1988; Beynon and Pemberton, 1992; MacEachern and 
Pemberton, 1994; MacEaehern and Gingras, 2007). Also, 
Jurassic-Paleogene marginal-marine deposits tend to be 
more intensely bioturbated than older deposits. While older 
brackish-water substrates displaying trace fossils were essen- 
tially softgrounds and firmgrounds, hardgrounds and xylic 
substrates also become colonized during the late Mesozoic 
(e.g. Bromley et al., 1984; Savrda et al., 1993; Gingras et al., 
2004). 

The fifth phase (Neogene-Recent) is characterized by 
the appearanee of the modern brackish-water benthos. 
However, differences with respect to Jurassic-Paleogene 
iehnofaunas are subtle. Brackish-water ichnofaunas may 
reach moderately high diversities, typically in middle- and 
outer-estuarine regions. Also, the degree of bioturbation 
may be rather high in some deposits, such as those of estu- 
arine tidal flats (e.g. Gingras et al., 1999b). All types of 
substrates were colonized during the Neogene, including 
cemented surfaees, shells, and elasts. This pattern reflects 
the radiation of various groups of borers (e.g. sponges, 
polychaetes, gastropods, and bivalves) into brackish water 
(Gingras et al., 2001). 

Buatois et al. (2005) also noticed that although brackish- 
water iehnofaunas display clear evolutionary trends, some 
trace-fossil suites and ichnofabrics are remarkably persistent, 
reflecting the activity of conservative biotas. They proposed, 
as an example, the common occurrence in brackish-water fine- 
grained, heterolithic facies of Teichiclmus forming monospe- 
cific suites, or associated with small Planolites (Fig. 14. lOa-d). 
This assemblage, commonly associated with synaeresis cracks, 
occurs in stressed marginal-marine environments from the 
Cambrian to the Recent. 



Caption for Figure 14.9 Continued 

(Li), Protovirgularia (Pr), Chondrites (Ch), Teichiclmus (Te), and Zoophycos (Zo). Permian-Triassic middle-estuarine ichnofaunas tend to be 
dominated by Thalassinoides (Th), Diplocraterion (Di), Arenicolites (Ar), Lingutichnus (Li), Teichichnus (Te), Rhizocorallium (Rli), Planolites (PI), 
and Palaeophycus (Pa). By the Jurassic-Paleogene, crustacean burrows, including Gyrolithes (Gy), Thalassinoides (Th) and Ophiomorpha (Op), 
become dominant, but many other facies-crossing ichnotaxa are abundant also. Neogene middle-estuarine ichnofaunas are similar to those from 
the Jurassic-Paleogene, but with the addition of Psilonichnus (Ps) and Gastrochaenolites (Ga). Cambrian-Ordovician outer-estuarine deposits 
tend to display more ichnodiversity than coeval deposits formed further into the estuary. Ichnofaunas are dominated by vertical burrows such as 
Skolithos (Sk) and Diplocraterion (Dp), trilobite trace fossils including Cruziana (Cr), Rusophycus (Ru) and Dimorphichnus (Dm), Teichichnus (Te), 
and Palaeophycus (Pa). During the Silurian-Carboniferous, other ichnotaxa become dominant in outer-estuarine settings, including Gyrochorte 
(Gc), Psammichnites (Ps), Arenicolites (Ar), and Cylindrichnus (Cy). Permian-Triassic outer-estuarine deposits contain abundant vertical burrows, 
but also tend to show crustacean burrow galleries such as Thalassinoides (Th), together with Rhizocorallium (Rli), Lingutichnus (Li), Trichichnus 
(Tr), and Palaeophycus (Pa). Jurassic-Paleogene outer-estuarine ichnofaunas typically display more diversity than those of the Permian-Triassic. 
Crustacean burrows, including Thalassinoides (Th) and Ophiomorpha (Op), are dominant. Polychaete burrows, such as Rosselia (Ro), Asterosoma 
(A.s), and Cylindrichnus (Cy) are also common. Grazing trails, such as Helminthopsis (HI), are less common. Neogene ichnofaunas are very simi- 
lar to those of the Jurassic-Paleogene, but with the addition of Psilonichnus (Ps), Gastrochaenolites (Ga), and locally Chondrites (Ch). Modified 
from Buatois et al. (2005). 
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Figure 14.10 The Teichichnus 
ichnofabric as an example of a per- 
sistent trace-fossil association in 
Phanerozoic brackish-water envi- 
ronments. Teichichnus may form a 
monospecific suite or be associated 
with Planolites. Synaeresis cracks are 
typically present in this heterolithic 
facies, (a) Middle Cambrian, Earlie 
Formation, northeast of Edmonton, 
western Canada. Core width is 9 cm. 
(b) Lower Permian, Rio Bonito 
Formation, Mina de Irui, southern 
Brazil. Core width is 7 cm. See Buatois 
et al. (2007b). (c) Upper Cretaceous, 
Napo Formation, Shushufindi 
Field, Oriente Basin, Ecuador. Core 
width is 10 cm. (d) Lower Miocene 
Chenque Formation, Caleta Olivia, 
Patagonia, Argentina. See Carmona 
et al. (2009). 



14.2.6 COLONIZATION OF FRESHWATER AND 
TERRESTRIAL ENVIRONMENTS 

Continental ichnofaunas provide a wealth of information on 
evolutionary paleoecology, providing insights into the process 
of terrestrialization, evolutionary radiations, environmental 
faunal expansions, and exploitation of empty or underutilized 
ecospace (e.g. Miller, 1984; Maples and Archer, 1989; Buatois 
and Mangano, 1993b; Genise and Bown, 1994b; Buatois et al., 
1998c; Miller et al., 2002; Cohen, 2003; Miller and Labandeira, 
2003; Braddy, 2004; Genise, 2004; Mangano and Buatois, 2007) 
(Fig. 14.11). 

Our knowledge of incipient Precambrian and early 
Paleozoic terrestrial ecosystems is patchy at best. Terrestrial 



microorganisms have been recorded in Upper Archean rocks 
(Watanabe et al., 2000), probably becoming widespread by the 
late Mesoproterozoic to the early Neoproterozoic (Horodyski 
and Knauth, 1994; Prave, 2002). Spore-like microfossils or 
cryptospores are known since the Middle Cambrian, suggesting 
the establishment of a nascent semi-aquatic to subaerial flora 
of bryophyte grade (Strother, 2000; Strother and Beck, 2000). 
Spores indicative of land vegetation occur in Middle Ordovician 
rocks (Strother et al., 1996), while spores and plant fragments 
have been documented in Upper Ordovician deposits (Wellman 
et al., 2003). Fluvial style was dominantly sheet-braided with 
little mud preservation (Davies and Gibling, 2009). The earli- 
est evidence of animal incursions into the land is trackways 
produced by an amphibious organism in Upper Cambrian to 
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Figure 14.11 Colonization of continental environments. Invertebrate ichnofaunal changes occurred in the different continental environments 
throughout the Phanerozoic, with the colonization of lacustrine substrates being delayed with respect to that of overbank and lake-margin depos- 
its. Ordovician to Carboniferous overbank to lake-margin deposits are dominated by arthropod trackways, including Siskemia (Si), Stiaria (St), 
Diplichnites (Di), and Merostomichnites (Mt), accompanied by bilobate traces such as Rusophycus (Ru) and grazing trails such as Mermia (Me). 
Permian deposits include the striated meniscate trace fossil Scoyenia (5c), together with Taenidium (Ta), Diplichnites (Di), Palaeophycus (Pa), 
Merostomichnites (Mt), and Rusophycus (Ru). In contrast, Carboniferous-Permian ichnofaunas in permanent subaqueous portions of lacustrine 
systems are dominated by grazing trails such as Mermia (Me), Helminthopsis (HI), Helminthoidichnites (He), and Gordia (Go). All these horizontal 
trace fossils are emplaced very close to the sediment-water interface, resulting in almost no disturbance of the primary sedimentary fabric. Overbank 
to lake-margin deposits display increased degree of bioturbation since the Triassic. Some of the typical elements are the backfilled trace fossils 
Scoyenia (Sc) and Taenidium (Ta), the crayfish burrow Camhorygma (Ca), and simple burrows such as Planolites (PI) and Palaeophycus (Pa). During 
the Triassic-Jurassic, an increase in depth of bioturbation occurred in permanent subaqueous lacustrine deposits with the appearance of branched 
burrows such as Vagorichnus (Va) and Tuberculichnus (Tu). Grazing trails, such as Cochlichnus (Co), Helminthopsis (HI), and Helminthoidichnites 
(He), persisted but occupying a deeper-tier position. After the Cretaceous, mottled texture attributed to Planolites (PI) and Palaeophycus (Pa) 
became common. Also, a number of biogenic structures attributed to chironomids, including Y-shaped burrows (Yb), are present. Paleozoic and 
post-Paleozoic eolian ichnofaunas are highly different. Little is known about pre-Permian eolian ichnofaunas, but Permian associations tend to be 
dominated by arthropod trackways, such as Octopodichnus (Oc), Paleohelcura (Ph), Oniscoidiclmus (On), and Diplopodichnus (Dd)\ meniscate trace 
fossils, such as Taenidium (Ta), are less common. Post-Paleozoic invertebrate eolian ichnofaunas display much more variety of morphological types, 
including arthropod trackways such as Octopodichnus (Oc) and Paleohelcura (Ph), simple burrows such as Planolites (PI) and Palaeophycus (Pa), the 
bilobate trace fossil Cruziana (Cr), the meniscate trace Taenidium (Ta), the grazing trail Gordia (Go), the small clustered burrow Pustulichnus (Pu), 
and various vertical burrows such as Digitichnus (Dg), Arenicolites (Ar), and Diplocraterion (Dp). Modified from Mangano and Buatois (2007). 



Lower Ordovician coastal eolian-dune deposits (MacNaughton 
et al., 2002). Meniscate trace fossils attributed to millipedes in 
paleosols (Retallack and Feakes, 1987; Retallack, 2001), and 
arthropod trackways (Diplichnites and Diplopodichnus) of 
myriapod-like invertebrates in pond deposits (Johnson et al., 
1994) are known from the Late Ordovician. However, marine 
influence has recently been detected in the deposits hosting the 
meniscate trace fossils (Davies et al., 2010). Although myriapods 



are typically considered terrestrial, Early Ordovician to Late 
Silurian representatives were probably aquatic or amphibious 
(Almond, 1985). 

A significant invasion of continental environments close to 
the Silurian-Devonian transition is indicated by trace-fossil data 
(Buatois et al., 1998c). A terrestrial mobile arthropod epifauna 
representative of the Diplichnites ichnoguild was established in 
backshore, subaerial delta-plain, and floodplain environments 
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(Bradshaw, 1981; Woolfe, 1990; Trewin and McNamara, 1995; 
Draganits et al., 2001; Neef, 2004a, b; Davies et al., 2006). By 
the Devonian, ichnofaunas dominated by arthropod trackways 
become relatively common in lake-margin environments (Pollard 
et al, 1982; Pollard and Walker, 1984; Walker, 1985) (Fig. 14. 1 1). 
It has been suggested that the presence of these ichnofaunas in 
transitional alluvial-lacustrine deposits, rather than fully sub- 
aqueous environments may be a response to the concentration 
of land-derived plant debris along lake shorelines, particularly 
near the mouths of distributary channels (Buatois et ah, 1998c). 
Nutrient delivery to lakes may have been quite limited during 
the early Paleozoic before the onset of abundant upland terres- 
trial plant eover (Cohen, 2003). Ichnological evidence is consist- 
ent with body-fossil data, whieh indicate that before the Silurian 
lake inhabitants may have been rare, mostly linked to accidental 
incursions from marine habitats (Cohen, 2003). Also, by the Late 
Silurian to Early Devonian, vascular plants became common, 
an increase in the abundance of underground rooting systems 
took place, and muddy floodplains were widespread, allowing 
stabilization of channel banks. As a result, meandering systems 
became dominant and humic material built up in soils promot- 
ing colonization by organisms (Davies and Gibling, 2009). 

While these ichnofaunas occur in low-energy, protected areas, 
vertical burrows seem to be common in relatively high-energy 
fluvial deposits, reflecting the establishment of a stationary, deep 
suspension-feeding infauna (Skolithos iehnoguild). However, 
the degree of marine influenee in some of these deposits has 
been controversial (Bradshaw, 1981; Woolfe, 1990). A relatively 
deep-tier deposit-feeding infauna, represented by large (up to 
250 mm wide) meniscate trace fossils (Beaconites-Taenidium 
iehnoguild), becomes widespread in abandoned fluvial-channel 
and overbank deposits by the Devonian and Carboniferous (e.g. 
Gevers et al, 1971; Allen and Williams, 1981; Bradshaw, 1981; 
Gevers and Twomey, 1982; Graham and Pollard, 1982; Bruck 
et al., 1985; Bamford et al., 1986; Gordon, 1988; Keighley and 
Pickerill, 1997; Draganits et al., 2001; Morrissey and Braddy, 
2004). Ichnodiversity in these fluvial deposits is generally low. 
Based on the recurrent association of the meniscate trace fos- 
sils and large Diplichnites, as well as their similar size range, 
a myriapod (e.g. arthropleurid) producer has been invoked 
(Morrissey and Braddy, 2004). In particular, a potential produ- 
cer, the arthropod Bennettarthra annwnensis, has been suggested 
recently (Payers et al., 2010). 

Ordovician-Devonian ichnofaunas were restricted to allu- 
vial and transitional alluvial-lacustrine environments, but 
Carboniferous trace fossils are also present in fully subaque- 
ous lacustrine settings, signaling a significant environmental 
expansion of the benthic fauna (Buatois and Mangano, 1993b; 
Buatois et ah, 1998c) (Fig. 14.11). These lacustrine deposits 
were colonized by a moderately diverse, mobile detritus-feeding 
epifauna of the Mermia iehnoguild. It has been suggested that 
this expansion was probably linked to the rapid diversification, 
and increase in abundance of land plants. Vegetation changes 
may have introduced abundant organic detritus into previ- 
ously nutrient-poor, lacustrine habitats (Maples and Archer, 
1989). An analogous situation was proposed for terrestrial 



environments based on the migration of plants from geographi- 
cally marginal areas (upland areas peripheral to major basinal 
wetlands) to the lowlands during the Carboniferous-Permian 
transition (DiMichele and Aronson, 1992). This pattern is 
consistent with environmental trends experienced by aquatic 
insects, which first originated in running water and later moved 
into lacustrine habitats (Wooton, 1988; Wiggins and Wichard, 
1989). Ichnodiversity diagrams plotted as number of ichnogen- 
era per million years show a rapid diversification during the 
Silurian-Devonian and then a continuous increase in trace- 
fossil diversity during the late Paleozoic (Buatois et al., 1998c). 
However, these authors indicated that when the data are nor- 
malized to correct for differences in volume of continental 
deposits, the major diversification event seems to have occurred 
during the Carboniferous. This increase in ichnodiversity was 
accompanied by the diversification of freshwater organisms 
such as arthropods, annelids, fish, and mollusks (Maples and 
Archer, 1989). All continental sedimentary environments were 
colonized by the Carboniferous, and subsequent patterns indi- 
cate an increase of ecospace utilization within already colo- 
nized depositional settings (Fig. 14.11). For example, during the 
Permian the presence of striated and meniscate trace fossils of 
the Scoyenia iehnoguild record the establishment of a mobile, 
intermediate-depth, deposit-feeding infauna that was able to 
colonize firm, desiccated substrates in floodplain environments. 

A decrease in diversity at familial level in lake environments took 
place during the Early Permian to the Middle Triassic. This was 
followed by a subsequent increase by the Late Triassic, in an evolu- 
tionary event referred to as the “Lacustrine Mesozoic Revolution” 
by Cohen (2003). In lake-margin and overbank environments, 
meniscate trace fossils of the Scoyenia iehnoguild became more 
abundant, leading to increased disturbance of the primary fab- 
ric since the Triassic (Buatois et al., 1998c). Also in these settings, 
a stationary deep infauna attributed to freshwater crayfish, the 
Camborygma iehnoguild, was established by the Triassic (Hasiotis 
and Mitchell, 1993; Hasiotis et al., 1993a) (Fig. 14.1 1). Parallel to 
this increase in burrowing extent and depth, a remarkable decrease 
in the abundance of arthropod trackways is apparent. 

Changes also occurred in the permanent subaqueous portion 
of lacustrine systems with the appearance of penetrative trace 
fossils consisting of networks of irregularly branched burrows 
during the Middle to Late Triassie (Voigt and Hoppe, 2010). 
These burrow systems may refleet the aetivity of deposit-feeding 
oligochaetes or insect larvae. This mobile, intermediate-depth, 
deposit-feeding infauna is also illustrated by the Vagorichnus ich- 
noguild, recorded in Jurassic deep-lake deposits (Buatois et al., 
1996b, 1998c). In contrast to Paleozoic permanent subaque- 
ous assemblages typified by surface trails, Mesozoic lacustrine 
ichnofaunas are dominated by infaunal burrows. Evolutionary 
innovations resulting from the Mesozoic lacustrine revolution 
were ultimately conducive to the establishment of modern 
lacustrine ecosystems and food webs by the Late Cretaceous 
(Cohen, 2003). High density of infaunal deposit-feeding traces 
of the Planolites iehnoguild has caused major disruption of 
lacustrine sedimentary fabrics since the Cretaceous (Buatois 
and Mangano, 1998; Buatois et al, 1998c) (Fig. 14.11). 
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Interestingly, meniscate trace fossils of the Beaconites- 
Taenidium ichnoguild, which consist of large structures, occu- 
pying deeper tiers in the Paleozoic, are commonly smaller and 
occupied a middle-tier position during the Mesozoic and most 
of the Cenozoic (Buatois et al., 2007a). This pattern is consist- 
ent with the idea of Morrissey and Braddy (2004) that a myr- 
iapod (e.g. arthropleurid) produced these large meniscate traee 
fossils in the Silurian-Carboniferous (see also Payers et al., 
2010). However, by the Miocene large and deep baekfilled bur- 
rows reoccupied deep tiers in similar overbank and abandoned- 
channel deposits (Buatois et al, 2007a). 

Freshwater iehnofaunas display an overall increase in extent 
and depth of bioturbation through the Phanerozoic (Miller, 
1984; Buatois et al., 1998c; Miller et al., 2002; Miller and 
Labandeira, 2003). Comparative analysis of continental ichno- 
faunas in space and time suggests that inereases in bioturbation 
depth and intensity took place progressively through time, from 
fluvial and lake-margin settings to permanent subaqueous lacus- 
trine environments (Buatois et ah, 1998c). This increase in depth 
and intensity of bioturbation strongly influenced the nature of 
the stratigraphic record of continental environments, producing 
increasing disturbance of primary sedimentary fabries. 

Evolutionary aspects also play a major role in paleosol ich- 
nology (Pemberton et al., 1992b; Buatois et al., 1998c; Genise, 
2004). Late Jurassic to Early Cretaceous paleosols tend to 
be dominated by meniscate trace fossils (e.g. Taenidium, 
Beaconites), erayfish burrows (e.g. Loloichnus haqueroensis, 
Dagnichnus titoi, Cellicalichnus meniscatus) and earthworm 
boxworks (Castrichnus) (Genise et al., 2008; Bedatou et al., 
2008, 2009). In addition, ichnological evidence suggests that 
fungiculture in social insects may have been attained by the 
Early Cretaceous (Genise et al., 2010b). By the Late Cretaceous, 
bee nests {Cellicalichnus chuhutensis) and pupal chambers of 
coleopterans (Rehuffoichnus) and insects of uncertain affin- 
ities {Fictovichnus, Pallichnus) became eommon (Johnson et al., 
1996; Genise et al., 2002, 2007). The most important families of 
insect chambered trace fossils (Coprinisphaeridae, Pallichnidae, 
Krausichnidae, and Celliformidae) are virtually absent in pre- 
Cenozoic paleosols (Genise and Bown, 1994a, b; Genise et al., 
2002; Genise, 2004). Claims of Triassic bee cells and termite 



nests (Hasiotis and Dubiel, 1993, 1995; Hasiotis, 2002) and 
Jurassic termite nests, bee eells, dung-beetle nests, and ant gal- 
leries (Hasiotis, 2002, 2004) have met general rejection (e.g. 
Grimaldi, 1999; Engel, 2001; Genise, 2000, 2004; Grimaldi and 
Engel, 2005; Bromley et al., 2007). This negative reception has 
been based on (1) the fact that these ecologically keystone insects 
have not been found in pre-existing non-angiosperm-dominated 
ecosystems, and (2) the reported Triassic and Jurassic trace fos- 
sils do not show diagnostic features supporting their attribution 
to these modern groups of insects (e.g. spiral closure cap in bee 
nests). In fact, recent re-examination of part of this material 
(the supposed Triassic bee nests) revealed that the observations 
claimed to identify these structures as produced by bees cannot 
be replicated (Lucas et al., 2010b). 

Diversification of modern insects is recorded by the 
abundance and complexity of structures produced by 
wasps (e.g. Chubutolithes), bees (e.g. Celliforma, Uruguay, 
Ellipsoideichnus, Palmiraichnus, and Rosellichnus), dung-bee- 
tles (e.g. Coprinisphaera&ndFontanai) ants (e.g. Attaichnus and 
Parowanichnus), and termites (e.g. Termitichnus, Vondrichnus, 
Syntermesichnus, Coatonichnus, Tacuruichnus, Fleaglellius, 
Krausichnus and Microfavichnus) in Cenozoic paleosols 
(Genise and Bown, 1994a, b; Genise, 2004; Duringer et al., 
2006, 2007). This evolutionary event has been referred to as 
the “Paleogene Paleosol Revolution” (Buatois and Mangano, 
2009b). This pattern reflects the appearance of ecologically 
keystone insects that coevolved with angiosperms by the mid 
Early Cretaceous (Thorne et al., 2000; Grimaldi and Engel, 
2005; Bromley et al., 2007). In addition, nests produced by 
these groups of insects have a greater preservation potential 
than other continental biogenic structures because they are 
constructed struetures and not merely excavated ones (Genise 
and Bown, 1994a). 

Eolian environments also experienced signifieant ichnofau- 
nal changes through the Phanerozoic (Fig. 14.11). An increase 
in diversity of trace fossils occurs in eolian deposits by the 
Permian-Triassic transition. Post-Paleozoic iehnofaunas dis- 
play more varied behavioral patterns than their Paleozoic coun- 
terparts (Gradzinski and Uchman, 1994; Buatois et al, 1998c). 
Many of the examples of Paleozoic eolian dune iehnofaunas are 



Box 14.2 The impact of oribatid mites on plant tissue decomposition in late Paleozoic coal swamps 

The field of arthropod-plant interactions has undergone an explosive development during the last 15 years. Trace fossils pre- 
served in plant material provide a wealth of information for understanding food webs in terrestrial to coastal ecosystems. In 
modern temperate forest ecosystems, oribatid mites are key animals in converting plant litter and wood to organic residues. 
However, little is known of their fossil history and their body-fossil record commences in the Middle Devonian, but does not 
reappear until the Early Jurassic. The trace-fossil record, therefore, provides an independent source of data. Analysis of dam- 
age produced by oribatid mites in plant tissue preserved in Pennsylvanian coal-ball deposits of eastern North America helps 
to fill this gap. Examination of these coal balls reveals the presence of a number of trace fossils attributed to mites, including 
coprolites and tunnels within plant tissues. Virtually all the permineralized tissues from the dominant plant groups, namely 
lycopsids, calamites, ferns, seed ferns, and cordaites, have been attacked by oribatid mites. This study underscores the role of 
these arthropods as decomposers in late Paleozoic coal-swamp forests. 

Reference: Labandeira et al. (1997). 
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dominated by arthropod and reptile trackways (e.g. Gilmore, 
1926, 1927; Brady, 1947; Alf, 1968; Brand and Tang, 1991; 
Brand, 1992; Lockley, 1992; Loope, 1992; Sadler, 1993; Lockley 
et ai, 1994; Braddy, 1995; Kramer et al., 1995; Brand and 
Kramer, 1996; Hunt and Lucas, 2007). Arthropod trackways 
include Octopodichnus (scorpions), Oniscoidichnus (isopods), 
Diplopodichnus (millipedes), Paleohelcura (scorpions), and 
Permichnium (insects). With respect to reptile trackways, the 
sinapsid ichnogenera Laoporus and Chelichnus are common 
(McKeever, 1991; Lockley et al., 1994, 1995; Kramer et al., 
1995; Morales and Haubold, 1995). In particular, Lockley et al. 
(1995) noted that most of arthropod and vertebrate trackways 
were produced subaerially on dune faces. 

Mesozoic eolian ichnofaunas are more varied rather than 
being dominated by arthropod trackways. Ichnofaunas 
from interdunes and dunes contain vertical U-shaped bur- 
rows (e.g. Arenicolites and Diplocraterion), short vertical bur- 
rows (Digitichnus), meniscate trace fossils (e.g. Taenidium and 
Entradichnus), grazing trails (e.g. Gordia), bilobate locomotion 
traces (e.g. Cruziana), simple horizontal feeding and dwelling 
traces (e.g. Planolites and Palaeophycus) (Ekdale and Picard, 
1985; Netto, 1989; Fernandes et al., 1990; Gradzinski and 
Uchman, 1994; Ekdale et al., 2007). The typical vertebrate 
ichnogenus in eolian-dune deposits is the sinapsid trackway 
Brasilichnium (Leonardi, 1981; Lockley eta/., 1994; Lockley and 
Meyer, 2000; Hunt and Lucas, 2006c). Cenozoic eolian depos- 
its may contain abundant vertebrate trackways. For example, 
Fornos et al. (2002) documented superbly preserved trackways 
of the ruminant goat Myotragus balearicus in Pleistocene eoli- 
anites formed in cliff-front coastal echo dunes. 

14.2.7 ARTHROPOD-PLANT INTERACTIONS 
THROUGH THE PHANEROZOIC 

Analysis of arthropod-plant interactions based on the study of 
traces produced in fossil leaves and other plant remains is reveal- 
ing an amazing wealth of data which helps to explain the evo- 
lution of terrestrial ecosystems through the Phanerozoic (e.g. 
Labandeira, 1997, 1998, 2000, 2002, 2006, 2007) (Box 14.2). 
Labandeira (2007) outlined the main advantages of arthropod- 
plant associational data, namely (1) they are common in depos- 
its that lack insect body fossils; (2) they are more abundant and 
useful than insect body fossils in the same deposits; (3) they fre- 
quently predate the insect body fossil record; (4) they provide 
behavioral information unavailable from the body-fossil record; 
and (5) they supply critical information for testing paleobio- 
logical and macroevolutionary hypotheses. 

Based on this dataset, Labandeira (2006) suggested that the 
history of arthropod herbivory can be summarized in four main 
phases of expansion (Fig. 14.12). Each phase is defined by: (1) 
a temporally constrained and taxonomically distinctive suite of 



plant-host clades; (2) a coeval assemblage of arthropod herbi- 
vore clades in association with plant host clades; and (3) the 
presence of a representative associational biota early within the 
development of the phase. An analysis of the evolutionary his- 
tory of palynivory and nectarivory results in the delineation of 
similar phases (Labandeira, 2000). 

The first phase spans the Late Silurian to Late Devonian, and 
mostly consists of structures produced by myriapods and, to a 
lesser extent, apterygote hexapods and possibly true insects. The 
host plants are basal clades of vascular plants (primitive land 
plants) and prototaxalean fungus. Arthropod-plant associa- 
tions include three functional feeding groups, namely external 
foliage feeding, piercing-and-sucking, and boring. Coprolites 
containing spores provide the earliest evidence of palynivory 
(Edwards et ai, 1995). Evidence for this phase comes essentially 
from the coastal plains of Euramerica. 

The second phase encompasses the mid Carboniferous to 
end Permian, and includes structures produced by a wider 
array of makers than in the previous phase, including not only 
myriapods and apterygote hexapods, but also mites, and pale- 
opterous and neopterous insects (the Paleozoic insect fauna of 
Labandeira, 2000). The host plants are mostly medulosan and 
glossopterid pteridosperms, and, to a lesser extent, lyginop- 
terid pteridosperms and cordaites (early seed plants and ferns). 
With respect to functional feeding groups, three more types are 
added to those previously present in phase 1, galling, seed pre- 
dations, and non-feeding oviposition. Considerably more evi- 
dence of spore feeding is available from this phase. Information 
comes from wetlands in fluvial and coastal plains mostly from 
Euramerica, although information from Gondwana has been 
added in recent years (e.g. Adami-Rodrigues et al., 2004). 

The third phase is Middle Triassic to Recent in age, and is repre- 
sented by structures produced by mites, orthopteroids, hemipter- 
oids, and basal holometabolan clades (earlier phase of the Modern 
insect fauna of Labandeira 2000). The host plants are pterido- 
phytes and gymnosperms (seed plants). Leaf mining is added to 
the previous groups and, accordingly, the seven functional feeding 
groups that characterize modern ecosystems were already present 
in the early Mesozoic. The dataset for this phase comes from a 
wide variety of environmental settings in all continents. 

The fourth phase spans the mid Early Cretaceous to Recent, and 
includes structures produced by Modern-aspect orthopteroids 
and derived hemipteroid and holometabolous insects (later phase 
of the Modern insect fauna of Labandeira 2000). Angiosperms 
are the host plants, and the seven functional feeding groups are 
present. This phase is evidenced by the largest dataset, encom- 
passing a wide array of terrestrial and coastal environments and 
all continents, although most information comes from North 
America and western Europe. Most insect mouthpart classes, 
functional feeding groups, and dietary guilds were established by 
the end of the Cretaceous (Labandeira, 2002). 
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And what had he felt, I asked Mario, when he’d seen it there, the huelld} 

“One thing is to see artifacts presumably made by somebody and another is to see the pisada someone made, what their foot left in 
the earth. That’s what gives you the sense of humanity, right?” 

Ariel Dorfman 
Desert Memories (2004) 



While the previous chapter deals with processes occurring at the 
scale of deep time, we now move into a more recent past, a time 
witnessing human activities. For the implications of trace fos- 
sils in paleoanthropology, information is based on the study of 
human fossil footprints (Kim et al., 2008a). Human footprints 
also play a major role in archaeology, although sources of infor- 
mation are found in many other ichnological datasets, such as 
bioerosion and bioturbation structures, and other vertebrate 
tracks as well (Baucon et al., 2008). The aim of this chapter 
is to review recent research in the area of ichnological applica- 
tions in paleoanthropology and archaeology. The hrst half of 
the chapter will be devoted to review the fossil record of human 
footprints, from the Pliocene to the Holocene. The second half 
will explore the uses of ichnology in archaeology. 

15.1 APPLICATIONS IN PALEOANTHROPOLOGY 



Hominid fossil footprints represent a rich record with examples 
in all continents with the exception of Antarctica (Kim et al., 
2008b) (Fig. 15.1). A recent review indicates the existence of 
at least 63 reported hominid tracksites (Lockley et al., 2008a). 
Specifically, the term “hominid ichnology” was introduced by 
Lockley (1998) for the study of all traces made by hominids. 
Although, in a broad sense, the field of hominid ichnology 
includes not only footprints, but also butchering and feeding 
traces, evidence of stone tool industries, and even any evidence 
of built structure, it is advisable to restrict the field to avoid full 
overlap with other disciplines (Kim et al., 2008a). As noted by 
these authors, fossil footprints are the main field of hominid 
ichnology and, therefore, we will focus on their implications in 
paleoanthropology. 

15.1.1 THE PLIOCENE RECORD 

The only recorded Pliocene hominid footprints are those from 
Laetoli, Tanzania, which represent the oldest hominid tracks 
known (Leakey and Hay, 1979; Hay and Leakey, 1982; Suwa, 
1984; Leakey and Harris, 1987; Tuttle et al., 1990; Raichlen 
et al., 2008; Meldrum et ah, 2011). The Laetoli site contains 
three trackways preserved in volcanic ash dated to 3.56 million 



years ago (Leakey, 1981, 1987). Abundant mammal and avian 
fossil tracks also occur in the Laetoli area (Musiba et al., 2008). 
The composition of these vertebrate ichnofaunas suggests a 
number of microhabitats, such as open grasslands and wooded 
galleries, in a mosaic landscape. 

The original and standard interpretation is that the track- 
ways were produced by Australopithecus afarensis, which is 
essentially consistent with the age of the site and the associ- 
ated bone record (Suwa, 1984). However, alternative interpre- 
tations have been suggested, and some authors have noted the 
remarkably modern aspect of the tracks, suggesting that they 
are indistinguishable from those produced by the genus Homo 
(Tuttle, 1987, 1996, 2008; but see Meldrum et al., 2011). Based 
on these uncertainties, the Laetoli trackways have been clas- 
sified only at ichnogeneric level as Hominipes isp. (Kim et al., 
2008b). 

15.1.2 THE EARLY PLEISTOCENE RECORD 

There is a significant gap between the age of the Laetoli 
tracksite and the next oldest fossil site (1.5-1. 6 million years 
ago), which is that of the Koobi Fora on the shores of Lake 
Turkana, Kenya (Behrensmeyer and Laporte, 1981; Lockley 
et ah, 2008a). A hominid trackway consisting of seven tracks 
occurs in a sandy mudstone layer accumulated in a lake-mar- 
gin environment. Associated footprints include those of pigmy 
hippopotamuses and wading birds, which is consistent with the 
envisaged environmental setting (Behrensmeyer and Laporte, 
1981). The hominid trackway is inferred to have been produced 
by Homo erectus. As in the case of the Laetoli trackways, that 
from Koobi Fora should be classified only at ichnogeneric level 
as Hominipes isp. 

15.1.3 THE MIDDLE PLEISTOCENE RECORD 

The Middle Pleistocene marks an expansion in the hominid 
footprint fossil record, with occurrences outside of Africa, 
specifically in Europe (Italy and France) (Lockley et al., 
2008a). Of these two recordings, the best documented is that 
of the Roccamonfina Volcano site in Italy, dated between 
385 000 and 325 000 years old (Mietto et al., 2003; Avanzini 
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Figure 15.1 Stratigraphic and geo- 
graphic distribution of human fossil 
footprints, including the most likely 
hominid producers. The consistency 
between the bone and trace-fossil 
record may be in part an artifact 
based on the fact that at least some 
of the footprints are attributed to 
specific hominids on the basis of age 
and the bone record itself The track- 
way record is not continuous. A large 
gap exists between the 3.56 million 
years old Laetoli site (Pliocene) and 
the 1.5-1. 6 million years old Koobi 
Fora (Early Pleistocene). 



et al., 2008). Three trackways have been documented from 
volcanic ash deposited from pyroclastic flows on a volcano 
slope. Although fine morphological details are not preserved, 
the age of the unit is consistent with production by a pre- 
Homo sapiens or pte-Homo neanderthalensis species, H. hei- 
delbergensis being the most likely candidate. 

15.1.4 THE LATE PLEISTOCENE RECORD 

Late Pleistocene human trackways are more abundant and 
widespread and provide definite evidence of the appearance of 
H. sapiens (Lockley et al., 2008a). Early Late Pleistocene hom- 
inid tracks of the last interglacial are recorded in two different 
sites (Nahoon and Langebaan) in South Africa (Roberts, 2008). 
They are preserved in a coastal-eolian calcarenite, and asso- 
ciated with hyena and bird tracks. As noted by Lockley et al. 
(2008a), these recordings are particularly relevant because they 
may represent evidence of the presence of H. sapiens in Africa 
close to the Middle to Late Pleistocene transition. The only 
other Late Pleistocene record in Africa is represented by a sin- 
gle track assigned to H. sapiens in Lake Bogoria, Kenya (Scott 
et ah, 2008). The footprint is preserved on a siltstone formed 
in a lacustrine mud flat and is associated with a wide variety of 
mammal and bird tracks. 

The most extensive Late Pleistocene hominid record occurs in 
Europe, including tracksites in France, Spain, Italy, Romania, 



and Greece (Lockley et al., 2008a). European human tracks are 
almost invariably preserved in caves, such as Lascaux in France 
(Barriere and Sahly, 1964) or Vartop in Romania (Onac et al., 
2005), reflecting a higher preservation potential. Associated 
tracks are mostly those of carnivores (Lockley et al., 2008a). 
The oldest of these are the tracks recorded in Vartop Cave, 
which has been attributed to Homo neanderthalensis (Onac 
et al., 2005). Most of the other recordings most likely corres- 
pond to H. sapiens. 

The Late Pleistocene is characterized by the first occurrence 
of human tracks worldwide, with records extending to Australia 
(Webb et al., 2005), Tibet (Zhang and Li, 2002), and Korea 
(Kim et al., 2009). The Tibet finding is particularly significant 
because no other evidence of humans has been recorded in the 
area (Zhang and Li, 2002). 

15.1.5 THE HOLOCENE RECORD 

The Holocene record reveals an expansion into the Americas, 
with sites recorded in United States (Willey et al., 2009), Mexico 
(Rodriguez-de la Rosa et ah, 2004), Guatemala (Lockley et al., 
2008a), El Salvador (Haberland and Grebe, 1957), Honduras 
(Lockley et al., 2008a), Nicaragua (Lockley et a!., 2008b), and 
Argentina (Bayon and Politis, 1996). In addition, Holocene 
human footprints have been recorded in Europe, including 
England (Roberts, 2009), Wales (Lockley et al., 2008a), Spain 
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Figure 15.2 Human footprints from 
the Monte Hermoso site, Buenos 
Aires Province, Argentina, (a) 
General view of trackway. Pen is 16 
cm. (b) Close up of a track. Coin is 
1 .5 cm. See Bayon and Politis (1996). 



(Lockley et al., 2008a), Italy (Mastrolorenzo et al., 2006), 
Greece (Bromley et al., 2009b), and Turkey (Westaway et ah, 
2006). Examples in Africa and Asia are restricted to Mauritania 
(Mafart, 2006) and Japan (Harada and Noto, 1984), respect- 
ively. Additional recordings have been reported from Australia 
(Lockley et al., 2008a) and New Zealand (Nichol, 1982). 

The Acahualinca Footprint Museum site in Nicaragua has 
been regarded as the most important fossil human tracksite 
(Lockley et al., 2008b). These authors noted that the site com- 
bines accessibility, a large number of well-preserved trackways, 
and reliable dating. Accordingly, Kim et al. (2008b) selected 
these trackways as the type sample for Hominipes modernus, 
inferred to be produced by Homo sapiens. The tracksites in 
Monte Hermoso and Pehuen-Co, Argentina, are particularly 
remarkable because they host hundreds of hominid trackways 
(Fig. 15.2a--b) together with mammal and bird footprints, and 
invertebrate trace fossils (Bayon and Politis, 1996; Aramayo, 
2009; Aramayo and Manera de Bianco, 2009). These sites 
record the activities of human communities living in the prox- 
imity of a coastal lake. 

15.2 APPLICATIONS IN ARCHAEOLOGY 



The applications of ichnology in archaeology or Ichnoarchae- 
ology (Baucon et al., 2008) represent a relatively new field. 
However, archaeological studies have commonly incorporated 
trace-fossil information without necessarily referring to the con- 
ceptual framework of ichnology (e.g. Pierce, 1992; Milner and 
Smith, 2005). Only a very few papers have dealt with archaeo- 
logical aspects from an ichnological perspective (e.g. Mikulas 
and Cilek, 1998; West and Hasiotis, 2007; Rodriguez-Tovar 



et al., 2010b, c). As a result, Baucon et al. (2008) noted that a 
uniform, systematic approach has been lacking. Undoubtedly, 
ichnoarchaeology is a vibrant new field undergoing expansion 
particularly in the Mediterranean region (see review by Baucon 
et ah, 2008). In this section, we briefly review some of its most 
recent developments. 

15.2.1 BIOGENIC STRUCTURES IN NATURAL AND 
ARTIEICIAL SUBSTRATES 

Ichnology traditionally deals with biogenic structures produced 
in natural substrates. In archaeology, trace-fossil information 
is preserved not only in natural substrates but also in artificial 
ones. In the case of natural substrates, bioturbation structures 
may provide information, but their preservation potential is 
usually low because diagenetic processes have acted for insuf- 
ficient time (Baucon et al., 2008). Where preserved, footprints 
may yield valuable insights, as illustrated by human and horse 
tracks formed in a ceramic manufacturing workshop of the 
Bronze Age in Qatna, Syria (Baucon et al., 2008). Burrows 
have received comparatively little attention in archaeological 
contexts. Burrows may record emplacement contemporan- 
eous with the archaeological site or reveal a later bioturbation 
event. In the latter case, animals are responsible for signifi- 
cantly mixing sediment at the archaeological sites (Araujo and 
Marcelino, 2003). Borings are common in archaeological con- 
texts because of their high preservation potential in natural 
substrates, and have been used to decipher sea-level changes 
in rocky shorelines, mostly in the Mediterranean region (e.g. 
Pirazzoli et al., 1982). Work on wood bioerosion essentially 
reflects the fact that xylophagous insects may significantly 
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damage wood materials, but the potential of wood borings as 
sources of information remain unexplored in ichnoarchaeol- 
ogy (Baucon et al., 2008). 

Artificial substrates commonly help in the preservation of 
biogenic structures in archaeological sites. Bricks help to pre- 
serve tracks because of their geotechnical properties, open-air 
drying, rapid diagenesis, resistance, and abundance (Baucon 
et al., 2008). Bird and mammal footprints in bricks of Roman 
and Medieval sites have been extensively studied (Higgs, 2001). 
Borings are also preserved in artificial substrates, those in the 
pillars of the Temple of Serapis, Italy, being the classic example, 
as illustrated by Lyell (1830). 

Also, bones comprise substrates for the preservation of 
human-produced structures. Of these, human skulls have 
been modified for various cultural purposes, including surgi- 
cal or religious ones (e.g. Rytel, 1962; Lillie, 1998). The study 
of these structures, although technically within the field of 



ichnoarchaeology, falls close to the boundaries of the discipline 
(Baucon et ah, 2008). Finally, study of trace fossils in archaeo- 
logical objects (e.g. flint artifacts) offers the opportunity to 
identify the geological sources of raw material exploited in tool 
construction (Rodriguez-Tovar et al., 2010b, c) (Box 15.1). 

15.2.2 ICHNOLOGICAL HIEROPHANIES 

Hierophanies are physical manifestations of the holy or sacred 
(Eliade, 1959). Baucon et al. (2008) noted that some geological 
features (e.g. sacred rocks) qualify as hierophanies (“geological 
hierophanies”) because ancient cultures have linked them 
to the divine and the magical. These authors also noted that 
some biogenic structures in archaeological context may play a 
similar role, and referred to them as ichnohierophanies or ich- 
nological hierophanies. Baucon et al. (2008) proposed a clas- 
sification of these features in cultural (ichnofossils interpreted 



Box 15.1 Identifying the source of archaeological artifacts through ichnological analysis 

A recent study has presented a new ichnological technique to identify the source of archaeological tools. This is a non-de- 
structive technique which allows matching the trace fossils present in the tools of an archaeological site with those of outcrops 
in the same region. This technique has been successfully developed to identify raw materials of flaked artifacts used by Late 
Neolithic and Copper Age communities of the Iberian Peninsula. This study focuses on blade cores from various archaeo- 
logical sites in southern Spain. These artifacts contain a distinctive ichnofauna characterized by Phycosiphon incertum (Fig. 
15.3) and subordinate small specimens of Chondrites isp. A survey of outcrops and chert quarries in the region indicates that 
the same ichnofauna is only present in deep-marine cherts of the Campo de Gibraltar Complex. Accordingly, it has been sug- 
gested that these rocks were the most likely source of the artifacts. Flint knappers appear to have preferred cherts from the 
Campo de Gibraltar over other material located near the settlements. 

References: Rodriguez-Tovar et al. (2010b, c). 




Figure 15.3 Blade core from the 
Copper Age (c. 3000-2500 BP) 
containing Phycosiphon incertum. 
Los Reconcos, Valle del rlo Turon, 
southern Spain. Photograph cour- 
tesy of Francisco Rodriguez-Tovar, 
Antonio Morgado, and Jose A. 
Lozano (University of Granada). See 
Rodriguez-Tovar et al. (2010b, c). 
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Figure 15.4 “Graphoglyptids” from Ancient Greece. National 
Archaeological Museum, Athens, Greece. 

as manifestation of supernatural realities), morphological 
(inorganic structures interpreted as organic traces of supernat- 
ural entities), anthropic (human-generated structures based on 
ichnological motifs), scientific (trace fossils misinterpreted by 



archaeologists as cultural artifacts), and composite (superpos- 
ition of ichnohierophanies of various types). 

Mayor and Sarjeant (2001) noted that the fascination of early 
humans with footprint-shaped marks in rock have led to attri- 
bution of these structures to either familiar or fabulous once- 
living creatures, representing an example of morphological or 
cultural ichnohierophanies. Envisaged tracemakers range from 
gods, devils, heroes, and saints to occasionally more accurate 
interpretations. Early Jurassic dinosaur footprints in the Holy 
Cross Mountains, Poland, were formerly regarded as imprints 
produced by the Devil while traveling to participate in occult 
gatherings (Mayor and Sarjeant, 2001). These authors noted that 
the Bushmen of Lesotho depicted footprints in cave paintings 
in an area where dinosaur tracks were abundant. In addition, 
these paintings also depicted relatively accurate reconstructions 
of iguanodont-like animal as potential producers. Spiral designs 
from Ancient Greece may have been inspired by turbidite trace 
fossils (Fig. 15.4). Ichnology has a long history indeed! 
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171, 177, 199-200, 203-205, 210, 250, 
288-289 

Beaconites barretti, 205 
Beaconites coronus, 92 
Beaconites filiformis, 207-208, 250 
Beaconites-Taenidium ichnoguild, 289 
bedding plane bioturbation index, 84 
bed-junction preservation, 15 
bees, 7, 10, 24, 60, 76-77, 92, 114-116, 
215-216, 219-220, 244, 289, 335 
beetles, 7, 11, 14, 24, 27, 34, 45, 76-77, 92, 114, 
116, 122, 141,209,213,215-216, 289 
behavioral convergence, 10, 13,26, 107, 198, 
274 

Belorhaphe, 22, 66, 181 
Beltanellifomis, 27 
Beltanelloides, 21 
Bennettarthra annwnensis, 288 
Bergaueria, 10, 27, 42, 45, 61, 129-130, 132, 
143-145, 155, 221, 253, 266, 280 
Bergaueria hemispherica, 11, 130 
Bergaueria perata, 144, 271 
beta diversity, 118 
Bichordites, 10, 20, 41, 48, 278 
Bifurculapes, 208 

bioclaustration structures, 18, 24, 122, 222, 261, 
281 

biodeformational structures, 17, 183 
biodeposition, 91, 94 
biodeposition structures, 5 
biodifflisive bioturbators, 46 
bioerosion, 91 

bioerosion structures, 5-6, 90, 101, 222-225, 
244-245,261,270, 278,281 
biofacies, 59 

biogenic graded bedding, 5-6, 91 
biogenic sedimentary structures, 5 
bioglyphs, 10, 30, 74, 101 
biological rhythms, 141 
biomechanics, 46, 57 
biostratification structures, 5 
biostratigraphy, 252 
biotaxonichnofacies, 59 
bioturbate texture, 84 
bioturbation, 91, 94 
bioturbation index, 84-85 
bioturbation structures, 5 
bite marks, 24, 42 

bivalves, 7, 9-10, 12-13, 20-23, 27, 32, 39-45, 
48, 52, 57, 60, 64, 67, 69-71, 87, 91, 101, 
103, 106, 108, 113-114, 121-122, 124, 
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225, 239, 241, 245, 278, 280-283, 285 
bolting, 48 
bone beds, 70 
borings, 6 

brachiopods, 12, 40, 44, 56, 71, 165, 277, 282 
Brachychirotherium, 80, 262 
Brachydectes elongates, 203 
brachyurans, 142 

brackish-water model, 108-109, 152-153, 164, 
167, 169, 175 
branching, 29-30 

primary successive, 29-30 
secondary successive, 29-30 
simultaneous, 30 
branchiopods, 107, 198 
Brasilichnium, 80, 215, 291 
Brasilichnium ichnocoenosis, 80 
Breviparopus, 263 
Brontopodus, 80, 263 
Brontopodus ichnocoenosis, 80 
Brontopodus ichnofacies, 80, 143 
Broomichnium, 21 1 
bryozoans, 277-278, 281 
buoyant mud plumes, 113, 173 
Burgess Shale-type deposits, 117 
burial preservation, 15 
burrow fill, 30-3130-32 
active concentric, 3 1-32 
active massive, 31-32 
active meniscate, 31-32 
draught fill canals, 3 1 
irregularly concentric, 3 1 
passive laminated, 31-32 
passive massive, 32 
burrow wall, 28-30 

constructional linings, 29-30 
diagenetic haloes, 29-30 
dust films, 29-30 
unlined, 29-30 
wall compaction, 30 
wall ornament, 29-30 
zoned fill, 29-30 
burrows, 5 
by-pass surfaces, 25 1 
byssal mats, 5 

Calceoformites, 205 
Calceoformites uchmani, 206 
Calichnia, 24 
Callianassa, 158 
Callianassa major, 91 
callianassids, 10-12, 121,219,221 
Callichirus major, 10 
Camborygma,2\, 74-75, 115, 197, 287 
Camborygma ichnoguild, 288 
Cambrian evolutionary fauna, 277 
Cambrian explosion, 269-273 
Cambrian Infonnation Revolution, 271 
Cambrian Substrate Revolution, 270 
captorhinomorphs, 262 
carbonates, 217-224 

carbonate beach, 219, 245 
carbonate factory, 244 
carbonate parasequences, 244 
carbonate platfonns, 22 1 



carbonate ramps, 221 
carbonate sequence stratigraphy, 244-245 
carbonate turbidites, 224 
deep-subtidal carbonates, 219 
reefs, 222-223 

shallow-marine tropical carbonates, 2 1 8-222, 
244 

shallow-subtidal carbonates, 219, 221, 244 
Cardioichnus, 32, 66 
Caririchnium ichnocoenosis, 80 
Caririchnium, 263 
Caririchnium leonardii, 146, 263 
Carmelopodus, 263 
carnivores, 41 

cascades of silled sub-basins, 1 84 
Castrichnus, 116, 289 
Catellocaula, 261 

Caulostrepsis, 70, 72, 123, 223, 225, 241, 281 
Cellicalichnus, 60, 219-220 
Cellicalichnus chubutensis, 92, 289 
Cellicalichnus meniscatus, 289 
Celliforma, 14, 24, 77, 92, 114, 197, 215, 289 
Celliforma ichnofacies, 77-78, 214, 216, 219, 
244, 250 

Celliforma pinturensis, 215 
Celliforma rosellii, 215 
Celliformidae, 289 
centipedes, 10, 50, 52 
Centrichnus, 24, 71, 225, 281 
cephalocordates, 47 
cephalopods, 42, 52, 277 
ceratopsians, 264 
Ceratopsipes, 80 
Ceratopsipes ichnocoenosis, 80 
ceriantharians, 10, 27, 42 
Chaetosalpinx, 24 

chalk, 12, 17, 89-90, 92, 96, 217, 223-224 
deep-sea chalk, 223-224 
shelf chalk, 223 
Characichichnos, 80 
Characichichnos ichnocoenosis, 80 
Characichichnos ichnofacies, 80, 157 
Charniodiscus, 266 
Cheiichnus, 9 

Cheiichnus gothicus, 271-272 
Cheiichnus, 80, 214-215, 291 
Cheiichnus ichnocoenosis, 80 
Cheiichnus ichnofacies, 80, 214 
Chelonipus, 200 
chemosymbiosis, 43, 106 
chenier plains, 126 
Chevronichnus, 13, 148 
chilopods, 50 
chimney climbing, 46, 54 
Chirodotea coeca, 1 1 1 
chironomids, 71, 207, 249-250, 287 
chiroteriids, 203 
Chirothere assemblage, 262 
Chirotherium, 80, 262, 274 
Chirotherium ichnocoenosis, 80 
chitons, 222 

Chondrites, 10-11, 22, 33, 43, 63-65, 67, 

69, 85,95, 105-107, 119, 126-127, 

129, 132, 136-137, 139-140, 154-155, 
163, 165-166, 169, 171-172, 175-177, 
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219, 222-224, 226-227, 241, 269, 280, 
285,295 

Chondrites arbuscula, 30 
Chondrites intricatus, 185 
Chubutolithes, 1, 14, 77, 289 
Chubutolithes gaimanensis, 1 
Cicatricula, 281 
ciliary locomotion, 47 
Cincosaurus, 156, 262 
Circolites, 28 1 

Circulichnis, 66, 76, 109, 180, 185, 280 

Circulichnis montanus, 187 

cirripedians, 52, 222-223 

Cladichnus, 11, 33, 183 

Cladichnus fischeri, 1 83 

clay flocculation, 157, 160, 165, 169, 174 

cleavage relief, 17 

cleptoparasits, 11, 122 

cliffs, 69-70, 240 

Climactichnites, 260, 282 

Climactichnites wilsoni, 261 

climate, 24, 113-115,216 

climax ichnofaunas, 119, 126, 135 

Cliona, 222 

closed forests, 77, 216 

Cloudina, 24, 266, 281 

cnidarians, 40, 42, 45 

coastal eolian dunes, 150, 213, 219-220, 245 
coastal plains, 80 
Coatonichnns, 77, 289 

Cochlichnus, 22, 28, 47, 74, 76, 117, 180, 197, 
199-200, 205, 210-211, 269, 271, 280, 287 
Cochlichnus anguineus, 101-102, 207-208, 
213,270 
Codakia, 43 

Code of Zoological Nomenclature, 26 
coelenterates, 55 
coelusaurs, 274 
Coenobichnus, 60, 219 
coevolution, 27 1 
coincidence correlation, 35 
coleopterans, 77,92, 114, 116, 125,207,216, 
289 

colonization ichnofaunas, 119, 136 
colonization of brackish-water environments, 
283-285 

colonization of freshwater environments, 
286-289 

colonization of hard substrates, 281-282 
colonization of shallow-marine environments, 
277-279 

colonization of terrestrial environments, 287, 
289-291 

colonization of the deep sea, 279-281 
colonization of tidal flats, 282-283 
colonization surface, 87 
colonization windows, 127, 145, 155, 174-175, 
201-202, 226, 234-236 
commensalism, 121-122 
complex trace fossils, 24 
composite ichnofabrics, 87, 89 
composite ichnohierophanies, 296 
composite trace fossils, 11, 33-34 
compound trace fossils, 10, 34 
compression, 44-45 
concealed bed-junction preservation, 15 



Conchotrema, 70 
condensed section, 239 
configuration, 28 

Conichnus, 42, 61, 115, 131-132, 150, 155, 

163, 165, 177,219 
Conichnus conicus, 221 
connected tortuous corridors, 184 
Conostichus, 42, 45 
continental invertebrate ichnofacies, 73 
continental sequence stratigraphy, 245-246 
contour currents, 25 1 
copepods, 54, 120 

co-planar surfaces, 68, 233, 238, 240-241, 
244-245, 249-250 

Coprinisphaera, 14, 24, 76, 92, 114, 197, 215, 
289 

Coprinisphaera ecuadoriensis, 21 
Coprinisphaera frenguellii, 215 
Coprinisphaera ichnofacies, 76-77, 142, 214, 
216, 250 

Coprinisphaeridae, 289 
coprolites, 5, 42, 59, 131,289, 291 
coquinas, 70 

Corallianassa longiventris, 22 1 

corals, 39, 41, 43, 113, 222-223, 244-245, 277 

Corcuhm, 43 

cores, 36-37, 96 

Corimbatichnus, 114 

Cormocephalus pseudopunctatus, 52 

Cornitermes cumulans, 114 

Corophium, 141 

Corophium volutator, 10, 114, 124, 158, 160 
Cosmorhaphe, 20, 28, 66, 181, 185-186, 188, 
191, 196, 280 
Cosmorhaphe lobata, 185 
Cosmorhaphe sinuosa, 192 
crabs, 7, 11, 18,24,59-60, 67, 69, 87, 100, 114, 
121, 131, 141-142,213,219-221,278 
crawling traces, 20 
crayfish, 74-75, 115, 288-289 
creodonts, 264 
crickets, 45, 213 
crinoids, 277 
crocodiles, 264 
crush marks, 42 

crustaceans, 10-11, 14, 20, 22, 26, 30, 32, 36, 
39-42, 45, 49, 54, 61-62, 67, 69, 93, 103, 
106-108, 115, 122, 129, 142, 154, 160, 
174, 180, 185-186, 192, 198,206,219, 
221, 224, 274, 278-279, 282-285 
Cruziana, 9, 17, 20, 32, 41, 52-54, 64, 74, 

107, 130, 132, 143, 145, 172, 175, 179, 
198-200, 203-204, 207, 210, 215, 222, 
252, 254-255, 257-259, 264, 275, 280, 
282,285,287, 291 
Cruziana acacensis, 255, 259 
Cruziana acacensis laevigata, 259 
Cruziana acacensis plana, 259 
Cruziana acacensis retroversa, 259 
Cruziana acacensis sandalina, 259 
Cruziana aegyptica, 256 
Cruziana almadenensis group, 256 
Cruziana ancora ibex, 258 
Cruziana arizonensis, 256 
Cruziana barbata, 256-257 
Cruziana carleyi group, 256 



Cruziana costata, 256 
Cruziana costata group, 256 
Cruziana dispar group, 255-256 
Cruziana fasciculata, 255, 257 
Cruziana fasciculata group, 255 
Cruziana flammosa, 258 
Cruziana furcifera, 226-227 
Cruziana ichnofacies, 62-64, 130, 135-136, 

139, 141-145, 150, 171-172, 177,222, 

226, 241-242 

depauperate Cruziana ichnofacies, 64, 

154-155, 157, 162-163, 167, 175, 241, 
243, 250 

distal Cruziana ichnofacies, 64, 139, 241-243 
proximal Cruziana ichnofacies, 62, 64, 135, 
150 

Cruziana imbricata group, 256 
Cruziana omanica group, 255 
Cruziana pectinata, 256 
Cruziana pedroana, 259 
Cruziana perucca, 258 
Cruziana petraea, 255, 258 
Cruziana problematica, 63, 130, 144, 148, 208, 
253,271 

Cruziana pudica group, 256 
Cruziana quadrata, 258-259 
Cruziana quadrata group, 256 
Cruziana rugosa furcifera, 32, 35, 256-257, 259 
Cruziana rugosa goldfussi, 35, 256, 259 
Cruziana rugosa group, 35, 53, 255-256, 259, 
273 

Cruziana rugosa rugosa, 32, 35, 256 

Cruziana rusoformis, 271 

Cruziana salomonis, 256-257, 259 

Cruziana seilacheri, 261 

Cruziana semiplicata, 35, 53, 130, 138, 255-257 

Cruziana semiplicata group, 255-256, 273 

Cruziana stratigraphy, 252, 254-256, 259 

Cruziana tenella, 253 

Cruziana tenella zone, 253 

Cruziana torworthi, 256 

cryptobioturbation, 47, 91, 93, 95 

Cryptomya busoensis, 122 

cryptospores, 272, 286 

Ctenopholeus, 205 

Ctenopholeus kutscheri, 102 

Cubichnia, 18 

cultural ichnohierophanies, 295 
cumulative structures, 27 
Cursichnia, 20 

Curvolithus, 10, 14, 64, 121, 129, 143, 145, 198, 
253,268 

Curvolithus ichnofacies, 58 
Curvolithus multiplex, 63 
Curvolithus simplex, 63, 148 
Cylindrichnus, 31, 62, 64, 132, 136, 153-160, 
162-163, 165-166, 169-172, 194,284 
Cylindrichnus concentricus, 133, 166 
Cylindricum, 60, 74, 200, 203 

Dactyloidites, 20, 126, 198 
Dactyloidites asteroides, 270 
Daedalus, 14, 20, 47, 259-260 
Daedalus archimedes, 260 
Daedalus desglandi, 260 
Daedalus halli, 260 
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Daedalus labechei, 260 

Daedalus multiplex, 260 

Daedalus verticalis, 260 

Dagnichnus titoi, 289 

Daimonelix, 203 

Dark Age of ichnotaxonoray, 26 

death marks, 7 

death traces, 20 

debris flows, 177 

decoupling hypothesis, 271 

deep infaunal, 43 

deep-marine turbidite systems, 62, 279-281 
coarse-grained turbidite systems, 194 
fine-grained turbidite systems, 185-187, 
189-190 

degree of bioturbation, 84-85 
deltas, 73, 163-175 

delta asymmetry, 171, 173 
delta front, 62, 110, 166-176, 178, 

242-243 

deltaic parasequences, 242-243 
distributary channels, 166, 169, 171, 174, 

177 

distributary mouths, 167 
ebb tidal deltas, 62 
flood tidal deltas, 62 
interdistributary bays, 166-167, 169, 

171-172, 174, 177 
lacustrine deltas, 245 
mid-shelf deltas, 234 
overbanks, 166 

prodelta, 16, 67, 166-176, 178, 242-243 
river-dominated deltas, 164-170, 243 
shelf-edge deltas, 234-235 
subaerial delta plain, 166-167, 169, 171, 174, 
177, 287 

subaqueous delta plain, 166-167, 169, 
171-172, 174, 177 

terminal distributary channels, 167, 170, 172 
tide-dominated deltas, 164, 174-175, 

177-178 

wave-dominated deltas, 164, 169-174, 176, 
243 

demosponges, 278 
Dendroidichnites, 51, 109, 156 
deposit feeders, 40 
derived ungulates, 264 
deserts, 125,212-215 
arid deserts, 214 
hyper-arid deserts, 214 
semi-arid deserts, 214 

desiccation, 11, 74-75, 78, 101, 114, 117, 141, 
198, 203-205, 208, 213, 249-250 
desiccation suite, 204 
Desmograpton, 14,22,43,66-67, 181, 

185-186, 196, 224 
Desmograpton dertonensis, 185 
Desmograpton pamiricus, 187, 189 
detritus feeders, 40 
diadectomorphs, 262 

diagenesis, 12, 15, 17, 27-30, 69-70, 85, 93, 95, 
101, 116, 217-218, 224, 231, 244, 248 
diagenetic preservation, 1 5 
diagenetic textural heterogeneities, 95 
Dickinsonia, 266-267, 280 
Dickinsonia tenuis, 266 



Dickinsonid trace fossils, 252, 266, 268 
Dictyodora, 20, 67, 186, 260, 279-280 
Dictyodora liebeana, 260-261 
Dictyodora scotica, 260 
Dictyodora silurica, 260 
Dictyodora simplex, 260 
Dictyodora tenuis, 260 
Dictyodora zimmermanni, 260 
Dicynodontipus, 262 
dicynodonts, 205, 262 
Didymaulichnus, 20, 28, 64, 269 
Didymaulichnus lyelli, 208 
Didymaulichnus miettensis, 14, 252, 254 
Digitichnus, 291 
Diictodon, 203, 205 
Dimetropus, 80, 156, 262 
Dimetropus leisnerianus, 263 
Dimorphichnus, 9, 64, 126, 130, 136, 172, 255, 
269, 282, 285 

Dimorphichnus obliquus, 272 
Dimorphichnus quadrifldus, 130 
Dinehichnus, 263 
Dinosauromorph assemblage, 262 
dinosaurs, 46, 80, 145-146, 199-200, 203, 

209-210, 214-215, 262-263, 274-276, 296 
Diopatra cuprea, 29 
Diopatrichnus, 30, 180 
Diorygma, 261 

Diplichnites, 9-10, 20, 51, 64, 74, 76, 109, 130, 
136-137, 144, 156, 179-180, 198-200, 

203, 207-208, 210, 250, 269-270, 
279-280,284, 287-288 
Diplichnites cuithensis, 19 
Diplichnites gouldi, 10 
Diplichnites ichnoguild, 287 
Diplocraterion, 10-11, 19, 28, 31, 33, 39, 61, 

63, 67, 69, 85, 100, 108, 127, 129, 131-132, 
134-135, 143, 145, 147, 153-156, 158, 

160, 163, 167, 169-171, 173-175, 177, 

180, 186, 194-196, 221,251-252, 269, 
273,280, 284, 287, 291 

Diplocraterion parallelum, 16, 33, 61, 127, 144, 
147, 161, 166,270-271 
Diplocraterion yoyo, 23, 110 
Diplopodichnus, 20, 76, 109, 156, 198, 250, 
280,287, 291 

Diplopodichnus biformis, 179, 208 
Diploria strigosa, 245 
discontinuity surfaces, 23 1 
disparity, 118 
dissipation time, 173 
Domichnia, 2 1 
Donax, 48 

doomed pioneers, 106-107 
double-anchor mechanism, 47^8, 57 
downward advection, 39, 45 
downward conveyors, 46 
drifted-log pavements, 73, 236, 239 
drill holes, 6, 23, 52 
drilling, 29, 42, 46, 52, 278, 281 
Dromopus, 80, 209, 262 
Dromopus agilis, 263 
Dromopus biochron, 262 
drowning surfaces, 241 
drowning unconfonnities, 244 
dual nomenclature, 26 



durophagous damages, 6 
durophagous scars, 24 
dwelling traces, 21 
dysaerobic, 104 
dysoxic, 104 
dysphotic zone, 1 1 3 

earliest metazoan trace fossils, 265 
earthworms, 45,47,91, 116, 120,216, 289 
Eatonichnus, 77, 197, 261 
Echinocardium cordatum, 48 
Echinocardium mediterraneum, 48 
echinoids, 10, 32, 41, 44-45, 48, 52, 56-57, 64, 
71, 113-114, 122-123, 134, 196,217,222, 
225-226, 278-279,281 
ecospace, 38, 89, 96, 265, 269, 273, 278-279, 
282-283, 286, 288 
ecosystem engineering, 120-121 
ecosystem engineers, 24, 120-121, 123 
ecosystem function, 120 
ecosystem performance, 120 
Edaphichnium, 116 
eddy diffusion, 45 
Ediacaran ecosystems, 266-269 
Ediacaran ichnostratigraphic zones, 252 
egg cases, 6 
elite trace fossils, 85 
Ellipsoideichnus, 11, 289 
embedment structures, 6, 71, 122 
end-Cretaceous mass extinction, 276 
endichnial preservation, 17 
endogenic, 17 

endopodites, 41, 53-54, 256 
end-Permian mass extinction, 275 
end-Triassic mass extinction, 276 
energy, 62, 99-100, 144, 155, 166, 175, 185, 
198-199 
Ensis, 48 

enteropneusts, 64, 196, 274 
Entobia, 40, 69-70, 72, 113, 222-223, 225, 
241,281 

Entobia association, 69, 225, 281 
Entobia cracoviensis, 225 
Entobia gigantea, 223 
Entobia gonioides, 113 
Entobia paradoxica, 223 
Entobia volti, 223 
Entradichnus, 197,215,291 
Entradichnus ichnofacies, 78 
eocrinoids, 277 
Eodiorygma, 24 

eolian dunes, 60, 125, 129, 131,214-215, 

291 

epichnial preservation, 17 
epifaunal, 43 
epifaunal bioturbators, 46 
epirelief, 15 
Equilibrichnia, 22 
equilibrium traces, 22 
erect, 43 

erosion, 11, 14, 17, 31, 61-62, 136, 150, 162, 
165, 177, 186, 188, 191-192, 196, 199, 
213-214, 245,250-251 
erosional discontinuities, 232-233, 235, 238 
Erpetopus, 209 
Eryx colubrinus, 213 
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escape traces, 22, 126, 135-136, 159, 167-170, 
177, 208,211 

estuaries, 60, 73, 80, 86, 108, 113, 152-160, 
175,238, 243,283-284 
bay-head delta, 62, 153-154, 156, 177 
central basin, 64, 153-155, 160, 243 
estuary mouth, 62, 153-156, 161-162, 243 
fluvio-estuarine transition, 110, 156-157 
tide-dominated estuaries, 113, 156-162,283 
upper estuary channels, 156-157, 243 
wave-dominated estuaries, 148-150, 153 
estuarine valley incision, 68, 238 
ethoichnofacies, 59 
ethologic structures, 5 
ethological classification, 17-24 
Euhrontes, 80, 209, 262 
Euhrontes datum, 262 
Euhrontes ichnocoenosis, 80 
Eumacrauchenichnus, 264 
euphotic zone, 1 12 
Eurydice pulchra, 141 
euryhaline, 107 
eurypterids, 51, 283 
Euzonus, 100 
evaporites, 249 
exaerobic, 104 
excavation, 44-45 
exogenic, 17 
exopodites, 53-54, 259 
expansion, 278 
extended organisms, 24, 57 
extramorphologic features, 261 
extramorphologic variation, 35 

fabricational analysis, 24 
facultative attached, 43 
facultative unattached, 43 
fair-weather suite, 126-127, 130, 132, 135-136, 
139, 171, 176 

falling stage systems tract, 233-234 
fan deltas, 166, 168-169 
farming, 42 
farming traces, 21 

Fasciculus acinosus/Fasciculus dactylus 
ichnocoenose, 1 12 

Fasciculus dactylus/Palaeoconchocelis 
starmachii ichnocoenose, 112 
fecal castings, 5 
fecal pellets, 5, 143, 283 
feeding strategies, 38-43 
feeding traces, 20 
Fictovichnus, 24, 1 14, 289 
firmgrounds, 67, 69, 101, 162, 231-232, 
236-238, 244,251 

fish, 11,20,41^3,45,47, 59, 76, 109, 156, 
180, 198, 205-206, 208, 210-211, 288 
fixation traces, 24 
Fixichnia, 24 
gords, 76, 175-180 
Flagrichnus baiulus, 115 
Fleaglellius, 77, 114,289 
Fleaglellius pagodus, 92 
Flexicalymene meeki, 1 1 
floating ice masses, 175 
flooding surfaces, 241 
flooding surfaces/sequence boundaries, 233 



fluid migration, 93 

fluid muds, 151, 165, 169, 173-174, 176, 180 
fluvial discharge, 172 

fluvial systems, 75, 80, 109, 117, 198-206, 250 
abandoned channels, 166, 199-201, 207, 250, 
288-289 

active channels, 62, 125, 199-201, 250 
anastomosed rivers, 199,201-202 
braided rivers, 199,203-204 
crevasse splays, 75, 198, 200-201, 203-204, 
206-207 

ephemeral rivers, 199 

floodplains, 75-76, 101, 116, 125, 198-200, 
205-207, 287-288 
levees, 75, 198, 200 
meandering rivers, 199-200, 206-207 
overbanks, 77, 101-102, 109, 117, 125, 166, 
199-206, 250, 287-289 
ponds, 75-76, 109, 115, 198,200,203,250, 
287 

sandbars, 199 

fluvial-fan terminal lobes, 207 

Fodinichnia, 20 

Fontanai, 114,289 

food resources paradigm, 128 

food supply, 10, 22, 39, 65-67, 83, 100, 

106, 110-111, 128, 144, 183, 185-186, 
193-194, 226,282 
foraminiferans, 37, 46, 91 
forced regressions, 68, 233-234 
foreshore, 62, 69, 100, 114-115, 128-129, 
131-132,219, 242 
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Ichnology 

Organism-substrate interactions in space and time 

Ichnology is the study of traces, such as burrows, trackways, 
and borings, created in the substrate by living organisms. It is an 
increasingly important field, having recently been transformed 
into a multifaceted science at the crossroads of many disciplines. 

This is the first book to systematically cover the conceptual 
framework of the discipline and the wide breadth of applica- 
tions in both paleobiology and sedimentology, bridging the 
gap between the two main facets of the field. It emphasizes the 
importance of understanding ecological controls on benthic 
fauna distribution and the role of burrowing organisms in chan- 
ging their environments. 

A detailed analysis of the ichnology of a full range of dep- 
ositional environments is presented using examples from the 
Precambrian to the Recent, and the use of trace fossils in facies 
analysis and sequence stratigraphy is discussed. By presenting 
ichnological information within a macroevolutionary perspec- 
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Introduction 



Worms have played a more important part in the history of the world that most persons would at first suppose. 

Charles Darwin 

The Formation of Vegetable Mould Through the Action 
of Worms with Observations on their Habits (1881) 

When looking at depositional sequences, no one gets upset when they see a ripple mark, but the presence of a few burrows frequently 
will divide the field party into two factions. One group falls asleep while the other group begins a lengthy discussion on phytogeny, 
ontogeny, nutrient upwelling, biochemistry, and the “Voyage of the Beagle”. 

Jim Howard 

“Sedimentology and trace fossils” (1978) 



Jim Howard’s ironic comment elegantly illustrates both the 
joys and risks of practicing and communicating the science of 
organism-substrate interactions to a broad audience. Ichnology 
is a science located right at the crossroads of paleontology (and 
biology) and sedimentology (and stratigraphy). Trace fossils 
link paleontology and sedimentology in ways that most body 
fossils cannot achieve. In this context, ichnological investiga- 
tions provide dynamic links among numerous fields. Analysis 
of specific ichnofaunas results in meaningful contributions to 
paleoecology, sedimentology, sequence stratigraphy, reservoir 
characterization, diagenesis, paleoclimatology, paleooceanog- 
raphy, biostratigraphy, evolutionary paleoecology, paleoan- 
thropology, and archaeology. Such studies illustrate how an 
integrated approach that articulates ichnological information 
with other sources of data results in a better understanding of 
depositional setting, stratigraphic architecture, reservoir per- 
meability, organism behavior, and ecosystem reconstruction 
and evolution. Thus, a multifaceted approach to ichnology will 
help bridge the gap between biologists and geologists, as well 
as between theoretical frameworks and applications. Because 
of this close link between ichnology and several other fields, we 
will often visit some of these neighboring disciplines in search 
for connections. 

We have subdivided the book into three parts. The first one 
deals with conceptual tools and methods, and addresses the 
conceptual background of the field, ichnotaxonomy, burrow- 
ing and locomotion mechanisms, the ichnofacies model, and 
the ichnofabric approach. The second part focuses on spatial 
trends, and attempts to summarize paleoecological aspects, 
environmental controls, and the ichnology of different deposi- 
tional environments. The third part deals with temporal trends, 
including developments in sequence stratigraphy, biostratig- 
raphy, evolutionary paleoecology, paleoanthropology, and 
archaeology. In almost every instance, we have tried to avoid 
including previous illustrations by elaborating new ones or 
redesigning other author drawings based on our own perspec- 
tive. Each of the chapters is focused on providing an update 



of the most pertinent aspects covered in ichnological research. 
To do so, it is necessary to generalize based on a limited num- 
ber of case studies. However, some readers may still prefer to 
learn from specific examples. To avoid that potential problem, 
we have included boxes that either supply a more in-depth treat- 
ment of selected topics or summarize case studies that illustrate 
significant advances in our understanding of the field. 

This book attempts to provide a balance between our own 
personal experience, and a comprehensive synthesis of previous 
and current research in the field of animal-substrate interac- 
tions. In the first place, our personal experience and interests are 
reflected throughout the book by the choice of topics and philo- 
sophical perspective. The book emphasizes invertebrate ichnol- 
ogy rather than vertebrate ichnology, and bioturbation rather 
than bioerosion, although a conscious (perhaps not entirely 
successful) effort has been made to counterbalance our biases. 
Second, we use many examples drawn from our own work. 
These include research undertaken in deposits ranging from 
the Ediacaran to the Recent that have accumulated in a wide 
variety of environments and geographic locations. We consider 
ourselves really lucky to have been able to explore such a vast 
timescale and variety of settings. However, we also offer exten- 
sive coverage of the work done by the different working groups 
in the last few decades. 

In Time’s Arrow, Time’s Cycle, Steven Jay Gould (1987) 
emphasized the tension between time’s arrow and time’s cycle in 
our understanding of Earth’s history. Time’s arrow sees history 
as an irreversible sequence of unrepeatable events. Time’s cycle 
emphasizes a non-directional time, in which events are repeated 
according to a recurrent pattern. This dichotomy is expressed 
in ichnology as a tension between studies that apply ichno- 
facies models in facies analysis and sequence stratigraphy, and 
those that underscore the utility of trace fossils in evolutionary 
paleobiology. The very same notion of ichnofacies recurrence, 
irrespective of age, is strongly rooted in a cyclic idea of geo- 
logical time. However, this view of ichnology stands in apparent 
opposition to the study of secular changes in bioturbation and 
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trace fossils as evidence of the changing ecology of the past and 
a dynamic landscape, which is never the same. The structure of 
the book attempts to honor both facets of ichnology. 

In that sense, our approach is rather eclectic, trying to 
incorporate information from the two main schools: that using 
the ichnofacies model and its wide potential (mostly western 
Canadian-based), and that employing the ichnofabric approach 
(rooted in continental Europe and the United Kingdom). 
One of the advantages of having grown as scientists in such a 



geographically remote country as Argentina is that one gets a 
good balance of tradition and freedom. Tradition is revealed by 
a long and rich history of paleontological research in the coun- 
try. However, at the same time, being far from the authoritative 
centers of scientific production gives a sense of freedom that 
prevents tradition from suffocating critical thinking. Hopefully, 
by the end of the book eclecticism will have paid, and the gap 
between the Voyage of the Beagle and the Reservoir Model may 
have narrowed a little bit. 
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These “-ichnial” ethologic categories are useful tools for organizing important paleoecologic information about a particular organism 
community. Of course, semantic distinctions between the different categories may be carried to the extreme, and confusion rather than 
clarification results. For example, imagine the trackway created by a man running across a mudflat at low tide. Do his footprints represent 
repichnia (perhaps he was jogging for his health) or fugichnia (perhaps he was being chased by someone with harmful intentions) or prae- 
dichnia (perhaps he was chasing sea gulls for a special gourmet dinner)? Imagine that the man fell flat on his face in the mud. If he got up 
and continued his journey, the impression he left behind would be a cubichnial trace. If, on the other hand, he died where he fell and his 
body decayed away totally, the remaining impression would be a body fossil (i.e., external mould) and not a trace fossil at all! 

Tony Ekdale 

“Paleoecology of the marine endobenthos” (1985) 



Ichnology involves the study of traces produeed by organisms 
(both animals and plants) on or within a substrate, and includes 
all issues related to bioturbation, bioerosion, and biodeposition 
(Pemberton et ah, 1992a; Bromley, 1990, 1996). As such, ichnol- 
ogy encompasses both the study of processes, and their resulting 
produets. The processes are all those involved in the interaction 
between organisms and substrates. The products are the traees 
themselves, which comprise individual and distinctive structures 
of biogenic origin, particularly those related more or less dir- 
ectly to the morphologies of the producers (Frey, 1973), and any 
sedimentary fabric resulting from biogenie reworking of the sub- 
strate, including non-discrete mottlings (i.e. biodeformational 
struetures). Ichnology comprises two main fields: neoiehnology 
(the study of modern traces or lebensspuren of classic German 
papers) and paleoichnology (the study of their fossil counter- 
parts: trace fossils or ichnofossils). In this chapter, we review the 
coneeptual framework of ichnology. We start by introducing 
basic concepts and outlining the 10 most important characteris- 
tics of trace fossils. Then we discuss aspects of trace-fossil preser- 
vation, including different schemes to classify biogenic structures 
in this respect. Finally, we turn our attention to the potential of 
trace fossils as sources of behavioral information, providing an 
in-depth discussion of the ethological classification. 

1.1 BASIC CONCEPTS 



During the seventies, attempts were made to provide a general 
classification framework for ichnology and related fields. Biogenic 
structures, defined as any evidence of organism activity other than 
the production of body parts (Frey and Wheatcroft, 1989), were 
regarded as the most inclusive category. The alternative term “eth- 
ologic structures” was suggested subsequently to emphasize the 
behavioral significance of these structures (Pickerill, 1994). In add- 
ition, a number of concepts were introduced in order to group trace 
fossils (Box 1.1). The most popular scheme was proposed by Frey 
(1971, 1973) and experienced minor modifications in subsequent 



years (Frey and Pemberton, 1984, 1985; Frey and Wheatcroft, 
1989; Pemberton et ah, 1990, 1992a). This scheme subdivided 
biogenic structures into three major categories: (1) biogenic sedi- 
mentary structures; (2) bioerosion structures; and (3) other evi- 
dence of activity. Biogenic sedimentary structures are biogenic 
structures produced by the activity of an organism upon or within 
an unconsolidated substrate (Frey and Wheatcroft, 1989). In turn, 
biogenic sedimentary structures were subdivided into bioturbation 
structures, biodeposition structures, and biostratification struc- 
tures. Bioturbation structures are biogenic sedimentary structures 
reflecting the disruption of stratification features or sedimentary 
fabrics by the activity of an organism (Frey and Wheatcroft, 1989). 
Tracks (impressions left by an individual locomotory appendage) 
and the related term trackway for a series of tracks (Fig. 1.1a), 
trails (continuous grooves produced during locomotion; Fig. 1.1b), 
and burrows (more or less permanent structures excavated within 
the sediment; Fig. 1.1c) fall into this group. 

Biodeposition structures (Fig. Lie) were not recognized as a sep- 
arate entity in the original scheme by Frey (1971, 1973), but were 
later incorporated as a discrete category (Frey and Pemberton, 
1984). They were defined as biogenic sedimentary structures 
reflecting production or concentration of sediment by the activ- 
ities of an organism (Frey and Wheatcroft, 1989). This category 
embraces coprolites, fecal pellets, pseudofeces, and fecal castings 
(Frey and Pemberton, 1984; Frey and Wheatcroft, 1989). 

Biostratification structures (Fig. l.lf) referred to as biogenic 
sedimentary structures consist of stratification features imparted 
by the activity of an organism (Frey and Wheatcroft, 1989). 
Stromatolites, byssal mats, biogenic graded bedding, and thrombo- 
lites are included in this category (Frey, 1973; Frey and Pemberton, 
1984, 1985; Frey and Wheatcroft, 1989; Pemberton et al., 1990, 
1992a). Interestingly, experimental studies showed that some 
organisms (e.g. the pistol shrimp Alpheus bellulus) are even able to 
produce a structure similar to cross lamination (Mcllroy 2010). 

Bioerosion structures (Fig. l.ld) comprise biogenic structures 
produced mechanically or biochemically in rigid substrates by an 
organism, such as hardgrounds, clasts, bones, or rocks (Frey and 
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Box 1.1 Grouping trace fossils 

There are many terms currently in use to group trace fossils. Some of these terms are more descriptive, while others involve 
various degrees of interpretation. Some groupings imply recurrence in time, while others are more restricted in temporal scale. 
Because there is a need for consistency in terminology, the most important concepts are reviewed here. 

Ichnoassemblage or trace-fossil assemblage: Groups of trace fossils preserved in a rock unit or sedimentary facies, with no 
assumptions in regards to time of emplacement or recurrence in the stratigraphic record. 

Trace-fossil suite; A more restricted group of trace fossils that reflects contemporaneous time of emplacement. Traditionally, 
it has been applied to successive groups of trace fossils emplaced under different degrees of consolidation of the substrate (e.g. 
a hardground suite cross-cutting firmground and softground suites). It has also been referred to as pre- and post-event suites in 
the case of environments affected by storms or turbidity currents. In this sense, suite is almost a synonym of ichnocoenose. 

Ichnocoenose or ichnocommunity: This term has been used in many different ways. The present consensus is that it refers 
to a group of trace fossils produced by a biological community. 

Ichnofacies: Conceptual construct based on the identification of key features shared by different ichnocoenoses of a wide range 
of ages formed under a similar set of environmental conditions. To avoid confusion with other terms used to group trace fossils at 
different scales, ichnofacies are commonly referred to as Seilacherian or archetypal ichnofacies. The archetypal nature of ichno- 
facies relies on a “distillation” process that extracts the key features shared by actual ichnocommunities (see Chapter 4). 

Ichnofabric: Any aspect of the texture and internal structure of a substrate resulting from bioturbation and bioerosion at 
any scale (see Chapter 5). 

Trace-fossil association or ichnoassociation: As with ichnocoenose, this term has been used in a loose way. However, and in 
contrast to ichnocoenose, there is no present consensus on a more precise meaning. On occasions, it has been used in a tem- 
poral sense (i.e. as recording the work of a community), essentially approaching the meaning of ichnocoenose or trace-fossil 
suite. In other cases, a mere spatial connotation is implied, becoming in practice a synonym of trace-fossil assemblage. In a 
trace-fossil association, biogenic structures are “associated”, but the cause may be merely coincidental (i.e. trace-fossil assem- 
blage) or ecological (i.e. ichnocoenose). 

Ichnosubfacies: A group of trace fossils representing a subdivision within an ichnofacies. 

Ichnoguild: A group of trace fossils defined on the basis of: (1) bauplan, (2) food source, and (3) use of space. The use of 
this term is intimately linked to ichnofabric and tiering analysis (see Section 5.4). 

Ichnofauna: Very general term to group trace fossils having no scale or genetic connotation. 

References: Bromley (1990, 1996); Hunt and Lucas (2007); MacEachern et al. (2007a). 



Wheatcroft, 1989). Bioerosion structures include macroborings 
(down to the millimeter scale) and microborings (smaller than a 
millimeter) (Bromley 1994). Borings, embedment structures, rasps 
and scrapes, surface etching scars, durophagous damage, and drill 
holes define the wide range of bioerosion structures (Bromley, 
1992, 1994). Different types of structures are placed under “other 
evidence of activity”, including spider webs and egg cases (Frey 
and Pemberton, 1984, 1985; Pemberton et a/., 1990, 1992a). 

As with most classifications, some fields are vague and gray 
zones haunt the researcher who ventures towards the margins 
of a discipline. Although occasionally ichnology is regarded 
as the study of all biogenic structures, this is not strictly true. 
Not all biogenic structures fulfill the requirements to be con- 
sidered organism traces. Every ichnologist agrees that all bio- 
genic sedimentary structures (both discrete trace fossils and 
undifferentiated biodeformational structures) qualify, and there 
is general consensus that biostratification structures (e.g. stro- 
matolites and biogenic graded bedding) do not because they do 
not reveal the functional anatomy of the producer (Frey and 
Pemberton, 1985). Accordingly, very few regard stromatolites 
as trace fossils, and those are only rarely treated in the ichno- 
logical literature (e.g. Shapiro, 2007). However, issues become 



more contentious when we move into the gray zones of the clas- 
sification. Egg cases are currently regarded outside of the field, 
but a review on fossil eggs (Hirsch, 1994) was included in a trace 
fossil book (Donovan, 1994). In any case, eggs may be preserved 
within fossil nesting sites (e.g. Chiappe et al, 2004, 2005), which 
in turn fall within the realm of ichnology because they provide 
direct evidence of reproductive behavior. 

In addition, some of the research produced during the last dec- 
ade has expanded ichnology by providing systematic treatment of 
biogenic structures that were not considered in previous classifica- 
tions. One of these lines of research is the study of plant-arthropod 
interactions, as revealed by biogenic structures preserved in wood, 
leaves, and seeds (e.g. Scott, 1992; Genise, 1995; Labandeira et al, 
1997; Labandeira, 1998, 2002; Wilf et al, 2000). The placement of 
this group of structures in the traditional scheme of classification 
of biogenic structures is unclear. Damage of plant tissues preserved 
in leaves has sometimes been linked to bioerosion (e.g. Labandeira 
et al, 1997). However, plant tissue is not strictly a rigid substrate 
comparable to rockgrounds or hardgrounds. Traditionally, traces in 
wood have been regarded as borings produced by bioerosion (e.g. 
Bromley eta/., 1984; Mikulas, 2008; Bertling and Hermanns, 1996; 
Savrda and Smith, 1996), although it may be argued that traces in 
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wood do not reflect bioerosion in a strict sense. Similiar problems 
are involved in the study of bioerosion structures in bones (Pirrone 
et al, 2010). Another line of research focused on the whole array 
of insect traces produced in terrestrial settings, mostly those of ter- 
mites, bees, and beetles, but also wasps and ants (e.g. Genise and 
Bown, 1994a, b; Genise and Hazeldine, 1998; Genise, 2000, 2004). 
Many of them contribute to destruction of the primary fabric and, 
therefore, should be considered bioturbation structures. However, 
placement of some other insect traces within the available classi- 
fication framework is hardly straightforward. One of these prob- 
lematic structures is Chuhutolithes gaimanensis, a nest produced 
by pompellid wasps (Genise and Bown, 1990). Chuhutolithes rep- 
resents an edifice built upon the substrate and constructed with 
material extraneous to the preserving sediment (see Section 1.4). 
This structure cannot be regarded as a bioturbation structure, but 
as a nest constructed by its producer in isolation from the preserv- 
ing substrate. As such, it may be included within the broad category 
of “other evidence of activity”. Regardless of the precise placement 
of arthropod traces in plant material and of some of these nests, it 
is clear that they fulfill the criteria to be considered trace fossils. 

Another field of increased activity is the study of microbi- 
ally induced sedimentary structures (Gerdes et al., 1994, 2000; 
Noffke et al., 1996; Schieber et al., 2007; Noffke, 2010). These 
structures record the complex interaction of two sets of proc- 
esses, those related with the depositional dynamics of the 
environment and those reflecting the activity of phototrophic 
microorganisms inhabiting the substrate (Noffke et al., 1996). 



Figure 1.1 Examples of biogenic 
structures, (a) A trackway pro- 
duced by a crab (on the right). 
Tidal flats nearby Estancia Maria 
Luisa, Tierra del Fuego, Argentina. 
Scale bar is 5 cm. (b) A trail 
assigned to the ichnospecies Gordia 
marina. Upper Carboniferous, 
Guandacol Formation, Rio Frio, 
western Argentina. Scale bar is 1 
cm. (c) Burrow system assigned 
to the ichnospecies Sinusichnus 
sinuosus. Middle Miocene, Socorro 
Formation, Quebrada El Pauji, 
northwestern Venezuela. Scale bar is 
1 cm. See Buatois et al. (2009a). (d) 
The boring bivalve Gastrochaenolites 
in a clast. Lower Miocene, Chenque 
Formation, Comodoro Rivadavia, 
southern Argentina. Coin is 1.8 cm. 
(e) Fecal casts of Arenicola marina. 
Tidal flats in Gower Peninsula, Wales. 
Scale bar is 5 cm. (f) Stromatolites, 
Tethys Lake, western Australia. 

Stromatolites produced by overgrowth of cyanobacteria are 
widely recognized examples of microbially induced sedimentary 
structures in carbonate sediments and, as previously mentioned, 
have been regarded as biostratification structures (Frey, 1973). 
This category may also embraee other struetures resulting from 
microbial activity that are commonly preserved in siliciclastic 
tidal flats. Bacterial activity may contribute to sediment sta- 
bilization generating a wide variety of structures, including 
wrinkled bed surfaces, domal buildups, pinnacles, bulges, and 
several types of biolaminations in microbial mats (e.g. Schieber, 
1999; Gerdes et al., 2000; Noffke, 2010). Although microbially 
induced sedimentary structures are biogenic structures, they 
should not be regarded as trace fossils because they fail to reveal 
any evidence on the morphology of the producers. 

There is another group of structures that may be confused with 
trace fossils, and that, in fact, are not even biogenic structures. 
These are impressions that result from the passive contact between 
part of the organism’s body and the substrate. Some of these 
structures are referred to as “death marks”, and are illustrated by 
dead animals dragged by a current along a substrate (Frey and 
Pemberton, 1985) or carcasses landing on the substrate (Seilacher, 
2007a). No behavior is involved; the organism is acting as an inert 
sedimentary particle. Some of these structures may vaguely resem- 
ble animal traces, such as the tilting marks documented by Wetzel 
(1999), which are produced by wave dragging of shells. Roll and 
tumbling marks may be produced by ammonites impacting on the 
sea floor (Seilacher, 1963a). The sweeping motion of a tethered 
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Figurel.2 Pseudotraces. (a) Inorga- 
nic sole mark transitional between 
groove and chevron mark that 
superficially may resemble a resting 
trace. Upper Carboniferous, Agua 
Colorada Formation, Cantera La 
Laja, Sierra de Narvaez, north- 
west Argentina. Scale bar is 1 cm. 
(b) Synaeresis cracks resembling 
grazing or feeding trace fossils 
(“Manchuriophycus”). Upper 
Carboniferous-Lower Permian, 
Santa Elena Formation, Sierra 
de Uspallata, western Argentina. 
Scale bar is 10 cm. 



object may be the origin of the supposed trace fossil Laevicyclus 
(D’Alessandro, 1980; Jensen et al., 2002). Scratch circles may be 
formed by plant stems (Metz, 1991). There is also a gray zone 
here. Living animals may be dragged by currents leaving marks on 
the substrate. In most cases, this is just a passive relationship and 
no behavior is involved, representing a similar situation to that 
of the death marks. However, it is not unreasonable to suppose 
that in some instances the animal caught in the current may have 
raked the sediment. Apparently, this is illustrated by straight to 
sigmoidal scratch marks, commonly grouped in sets, and repeated 
laterally that are attributed to trilobites and included in the ichno- 
genus Monomorphichnus (Crimes, 1970a). In order to support this 
interpretation, the axis of erosional current structures is expected 
to be parallel to the scratch marks. 

Some structures are morphologically similar to organism traces, 
but careful analysis demonstrates that physical and chemical proc- 
esses were involved in their production and are, therefore, pseu- 
dotraces or pxvAo-lebensspuren. Turbidite sole marks, particularly 
chevron and impact marks, are typical examples (Fig. 1.2a). The 
paleontological and geological literature is plagued with names 
and descriptions of supposed trace fossils that are actually pseu- 
dotraces (e.g. “Manchuriophycus”) (Fig. 1.2b). In a few cases, the 
true nature of some structures remains controversial and even dis- 
tinction between trace fossils and body fossils may be problematic. 
Is Ediacaran Mawsonites a backfilled burrow system, a medusoid 
body fossil, or a sand-volcano interacting with a biomat? (Seilacher, 
1984, 1989; Seilacher et al., 2005; van Loon, 2008). Finally, there 
is a nice twist to this story. Some pseudotraces are, in fact, not the 
result of inorganic processes, but of microbial activity, so they at 
least qualify as biogenic structures. Corrugations, coneentric circles. 



and spiral and meandering structures are common in microbial 
matgrounds due to shrinkage of cohesive material on rippled sur- 
faces (Noffke et ah, 1996; Pfiiiger, 1999; Seilacher, 1999; Gerdes 
et al., 2000). Reinterpretations are made on a regular basis, particu- 
larly in the case of Precambrian structures. Beware! Today’s trace 
fossil may become tomorrow’s shrinkage crack! 

1.2 CHARACTERISTICS OF TRACE FOSSILS 



Trace fossils have their own peculiarities that distinguish them 
from body fossils. These peculiarities, reflecting both their mode 
of formation and their taphonomic histories, allow the establish- 
ment of a rich conceptual framework for ichnology (Seilacher, 
1964a; Frey, 1975; Ekdale et al., 1984; Frey and Pemberton, 
1985; Pemberton etfl/., 1990, 2001; Bromley, 1990, 1996;Buatois 
et al., 2002a). The importance of ichnology in various fields, 
such as paleoecology, sedimentology, stratigraphy, and macro- 
evolution derives from these basic characteristics. Regrettably, 
its own limitations also result from this set of main features. In 
previous studies, this conceptual framework has been expressed 
as a list of characteristics (Seilacher, 1964a; Frey, 1975) or ich- 
nological principles (Ekdale et al, 1984; Bromley, 1990, 1996). 
Here, we integrate both schemes to define a series of basic char- 
acteristics of trace fossils (Buatois and Mangano, 2008a). 

1.2.1 TRACE FOSSILS REPRESENT EVIDENCE OF 
BEHAVIOR 

This is arguably the essence of trace fossils. As expressed by 
Seilacher (1967a), trace fossils are evidence of fossil behavior. 
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Analysis of the morphology and architecture of trace fossils 
reveals valuable information on the anatomy and ethology of their 
producers (e.g. mode of life, trophic type, and locomotion mecha- 
nisms). As outlined below (see Section 1.4), this feature lies at the 
core of the ethological classification of trace fossils. The behavior 
involved is, of course, highly variable, from the simple trace of a 
worm-like animal moving through the substrate (Fig. 1.3a) to the 
amazing complexities of the work of social insects as illustrated 
by the termite nest Termitichnus (Genise and Bown, 1994b) (Fig. 
1.3b). In any case, releasing the behavioral signal unlocked in a 
biogenic structure is a real challenge in any ichnological analysis. 

1.2.2 THE SAME ORGANISM MAY PRODUCE MORE 
THAN ONE ICHNOTAXON 

In a way, this characteristic derives from the former because dif- 
ferent behaviors may be attributed to a single animal. Therefore, 
a single organism may be responsible for producing several 
ichnospecies and ichnogenera. The classic example is that of 



the multiple possible behaviors of a trilobite moving through 
a substrate (Seilacher, 1955a, 1985; Crimes, 1970a) (Fig. 1.4a). 
The bilobate trail ornamented with scratch marks resulting 
from the burrowing activity along the sand-mud interface 
either reflecting simple locomotion or feeding activities is called 
Cruziana. The trackway consisting of series of impressions of 
individual walking appendages on the substrate due to simple 
locomotion is referred to as Diplichnites. The asymmetrical 
trackway with two different types of impressions, long straight 
or sigmoidal (rakers) and short and blunt ones (pushers), 
attributed to grazing activities, is called Dimorphichnus. Short 
bilobate coffee-bean or heart-shaped traces reflecting resting, 
nesting, or predation, are known as Rusophycus. Deep trilobite 
burrows are referred to the ichnogenus Cheiichnus (Jensen and 
Bergstrom, 2000). Cleft-foot deposit-feeding bivalves represent 
another example of this principle. Chevronate locomotion 
trace fossils represent the ichnogenus Protovirgularia, while the 
almond-shaped resting or dwelling traces are known as Lockeia 
(Seilacher and Seilacher, 1994; Mangano et al., 1998; Ekdale 




Figure 1.3 Characteristics of trace 
fossils. Trace fossils represent evidence 
of behavior, (a) Palaeophycus tuhula- 
ris, a simple trace fossil produced by 
worm-like animals or insects Lower 
Permian, Abo Formation, Jemez 
Mountains, New Mexico. Scale bar 
is 1 cm. (b) Termitichnus qatranii, a 
termite nest. Upper Eocene-Lower 
Oligocene, Jebel Qatrani Formation, 
Fayum Depression, Egypt. Scale 
bar is 10 cm. See Genise and Bown 
(1994b). 




Figure 1.4 Characteristics of trace fossils. The same organism may produce more than one ichnotaxon. (a) Transition between the trilobite locomo- 
tion trace Cruziana isp. (Cr) and the resting trace Rusophycus isp. (Ru). Upper Carboniferous, Stalnaker Sandstone, roadcut along Kansas Highway 
166, United States. Scale bar is 1 cm. See Mangano and Buatois (2004a). (b) Transition between the bivalve locomotion trace Protovirgularia rugosa 
(Pr) and the resting trace Lockeia ornata (Lo). Upper Carboniferous, Stull Shale, Kanwaka Formation, Waverly fossil site, Kansas, United States. 
Scale bar isl cm. See Mangano et al. (1998). (c) Crustacean galleries showing intergradations between burrows with walls reinforced with pellets in 
sandy substrates (Ophiomorpha nodosa) (Op) and burrows with thin lined walls in the underlying more compacted, silty substrates (Thalassinoides 
paradoxicus) (Th). Middle Miocene, Socorro Formation, Quebrada El Pauji, northwestern Venezuela. Scale bar is 5 cm. 
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and Bromley, 2001) (Fig. 1.4b). In addition, associated com- 
plex feeding traces have been in some cases referred to the ich- 
nogenus Lophoctenium (Ekdale and Bromley, 2001a). 

Although common for trails, trackways, and resting traces, this 
situation is by no means exclusive to this group of biogenic struc- 
tures. In fact, another common example is that of crustacean bur- 
rows (Fiirsich, 1973) (Fig. 1.4c). The type of wall in crustacean 
burrows is largely controlled by substrate grain size and degree of 
consistency. For example, Callichirus major reinforces its burrow 
wall with pellets in mobile, sandy substrates, and the resulting 
structure is known as Ophiomorpha. Flowever, the same species 
produces thin burrow linings in more stable sandy or silty sedi- 
ments, or burrow walls ornamented with bioglyphs in firm, com- 
pacted, silty substrates, forming the ichnogenera Thalassinoides 
and Spongeliomorpha, respectively. Intergradational forms reveal- 
ing the transition of one ichnotaxa into another have been called 
“compound ichnotaxa” (Pickerill, 1994), and are fairly common 
in the ichnological record (see Section 2.4. 1). 

In addition to substrate, food supply is another factor that 
controls burrow morphology. This is illustrated by the amphipod 
Corophium volutator, which is a suspension feeder constructing 
simple vertical burrows {Skolithos) in sandy substrates and a 
detritus feeder producing U-shaped burrows (Diplocraterion) 
in silty, nutrient-rich sediment (Seilacher, 1953a; Reise, 1985; 
Bromley, 1990, 1996). 

1.2.3 THE SAME ICHNOTAXON MAY BE PRODUCED 
BY MORE THAN ONE ORGANISM 

The same ichnotaxa can be produced by many different animals, 
revealing behavioral convergence. In most cases, it is simply not 
possible to establish a one-to-one relationship between produ- 
cer and biogenic structure. As a general rule, the simpler a trace 
fossil is, the weaker the link between the biogenic structure and 
its producer. Simple grazing trails, such as Helminthoidichnites, 
may be produced by nematomorphs, insect larvae, ostracodes, 
annelids, and many other benthic organisms (Buatois et al., 
1998a). The simple vertical burrow Skolithos is known to be the 
product of annelids, phoronids, siphunculids, crustaceans, and 



probably insects and spiders (Schlirf and Uchman, 2005). The 
trackway Diplichnites records the impressions of multiple undif- 
ferentiated locomotory appendages, and has been attributed to 
many different types of arthropods, including centipedes, mil- 
lipedes, onicophorans, and trilobites (Buatois et al., 1998b) 
(Fig. 1.5a). Even burrow systems, such as Thalassinoides, which 
are currently attributed to decapod crustaceans, occur in lower 
Paleozoic rocks predating the appearance of thalassinideans 
and callianasids, indicating that other arthropods were prob- 
ably able to produce similar structures (Carmona et ah, 2004). 

On the other hand, complex structures can be linked with 
more confidence to a group of producers. For example, the ich- 
nogenus Tonganoxichnus is attributed to apterygote monuran 
insects based on detailed morphological features and behav- 
ioral evidence (Mangano et al., 1997). However, even in this 
case, a one-to-one link cannot be established because other non- 
flying insects (e.g. Archaeognatha) are potential producers of 
Tonganoxichnus. Perhaps the closest relationships between trace 
fossils and their producers can be established with certain insect 
nests, mostly termites and bees (e.g. Genise, 1997). 

Although the precise paleobiological affinity cannot be deter- 
mined, morphological features may provide enough information 
on burrowing technique and anatomy to establish a link with a 
certain group of organisms. Examples of this are represented by 
Curvolithus (turbelarians, gastropods), Asteriacites (asteroids, 
ophiuroids), Scolicia (irregular echinoids), Bichordites (irregular 
echinoids), Protovirgularia (bivalves), and Bergaueria (actinari- 
ans, cerianthids, pennatulaceans), among many others. As clearly 
elaborated by Bromley (1981, 1990, 1996), the practical result of 
this principle is that biological and ichnotaxonomic classifica- 
tions should be kept separate. 

1.2.4 MULTIPLE ARCHITECTS MAY PRODUCE A 
SINGLE STRUCTURE 

A single structure may reflect the work of more than one produ- 
cer operating either at more or less the same time or in succes- 
sive bioturbation events. The first situation typically results from 
s3Tnbiotic or commensalist relationships (see Section 6.7). The 




Figure 1.5 Characteristics of trace fossils, (a) The same ichnotaxon may be produced by more than one organism. A wide variety of arthropods, 
including centipedes, millipedes, onicophorans, and trilobites, are potential producers of Diplichnites gouldi. Upper Carboniferous, Tonganoxie 
Sandstone, Stranger Fomation, Buildex Quarry, Kansas, United States. See Buatois et al. (1998b). (b) Multiple architects may produce a single struc- 
ture. Concentration of Chondrites isp. within “phantom burrows”. The high concentration of Chondrites helps to delineate the previously emplaced 
structure that otherwise would have remained undetected. Upper Cretaceous, Horgazu Formation, Covasna Valley, Romania. Scale bars are 1 cm. 
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standard examples are that of the lobster Nephrops norvegicus, 
the crab Goneplax rhomboids, and the fish Lesueurigobius friessi, 
which usually produce independent structures in offshore muds 
from Scotland, but occasionally construct an interconnected 
burrow system (Atkinson, 1974). Although this is not uncom- 
mon, judging from modem examples, recognition of this type of 
relationships in the trace-fossil record is extremely problematic. 
Similar examples are illustrated by burrows constructed by the 
thalassinidean shrimp Neaxius acanthus but also inhabited by 
the gobiid fish Austrolethops wardi (Kneer et al., 2008; Liu et ah, 
2008). However, in this case the fish apparently does not rework 
the burrow and, therefore, the resulting structure is essentially 
the product of the shrimp. The second situation is illustrated by 
abandoned biogenic structures that are reoccupied by a different 
organism, which is remarkable common in the trace-fossil record 
(Fig. 1.5b). A typical example is represented by Chondrites and, 
to a lesser extent, Phycosiphon, which may rework the infill of 
feeding and dwelling burrows, such as Diplocraterion, Cladichnus, 
Gyrolithes, or Thalassinoides, presumably for feeding purposes. 
This situation is also common in paleosol insect traces (Genise 
and Laza, 1998; Mikulas and Genise, 2003). For example, the bee- 
tle ichnotaxon Monesichnus ameghinoi displays an internal gallery 
system {Lazaichnus fistulosus) probably produced by cleptopara- 
sites (Mikulas and Genise, 2003). Pickerill (1994) coined the term 
“composite ichnotaxa” for forms that apparently comprise a sin- 
gle burrow system, but actually result from the interpenetration of 
individual discrete ichnofossils (see Section 2.4.2), while Mikulas 
and Genise (2003) called them “traces within traces”. 

1.2.5 PRODUCERS ARE COMMONLY SOET-BODIED 
ANIMALS THAT ARE RARELY PRESERVED 

The body-fossil record is strongly biased towards the groups 
that have developed hard parts. In contrast, trace fossils com- 
monly record the activities of soft-bodied animals, which make 
up most of the biomass of a community (Pemberton et ah, 
1990) (Fig. 1.6a). This principle results from the facts that the 
trace-fossil record is biased towards the activities of infaunal 
organisms and that the presence of skeletons is commonly det- 
rimental for infaunal life. Life within the substrate provides 
protection from environmental stress (e.g. salinity fluctuations, 
erosion, and desiccation), and biological pressure (e.g. preda- 
tion). Accordingly, infaunal representatives of many groups 
of animals, including mollusks, crustaceans, and echinoderms, 
display a trend to reduce or even eliminate their exoskeleton. 
For example, efficient burrowers, such as callianassids and upo- 
gebids, have significantly reduced calcification of the exoskel- 
eton. In the same vein, deep-infaunal echinoderms have thinner 
shells than their epifaunal or shallow-infaunal counterparts. 

However, examples of the producer preserved in direct asso- 
ciation with the biogenic structure have been documented, albeit 
rarely, in the trace-fossil record. Vertebrate bones preserved 
inside burrows are related with obrution events (e.g. Voorhies, 
1975). The classic example among the invertebrates is that of 
crustacean claws preserved within Thalassinoides burrow systems 




Figure 1.6 Characteristics of trace fossils. Producers are commonly soft- 
bodied animals that are rarely preserved, (a) Bergaueria hemispherica is 
produced by burrowing sea anemones. Although these organisms have 
a remarkably low preservation potential as body fossils, their burrows 
are common in the fossil record. Lower Cambrian, Gog Group, Lake 
Moraine, Rocky Mountains, western Canada. See Pemberton and 
Magwood (1990). (b) Rusophycus pudicum. Upper Ordovician, Corryville 
Formation, Maysville Group, Cincinnati, Ohio, United States, (c) 
Flexicalymene meeki in place associated with the R. pudicum specimens 
shown in (b) One of the unusual cases of producer preserved in connec- 
tion with the trace fossil. Scale bars are 1 cm. See Osgood (1970), 

(Sellwood, 1971; Bromley and Asgaard, 1972a; Mangano and 
Buatois, 1991). More exceptional are ophiuroids preserved on 
the resting traee Asteriacites (West and Ward, 1990; Mikulas, 
1990) and trilobites on the resting trace Rusophycus (Osgood, 
1970) (Fig. 1.6b-c). Body fossils of arthropods preserved at the 
end of their trackway have also been doeumented. For example, 
the horseshoe crab Mesolimulus is preserved at the end of the 
trackway Kouphichnium in the Jurassic Solnhofen lithographic 
limestone (Barthel et ah, 1990; Seilacher, 2007a). 

Because the burrows themselves provide an appropriate 
microenvironment for body fossil preservation, any shell 
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Figure 1.7 Characteristics of trace fossils. Trace fossils are commonly preserved in rock units that are otherwise unfossiliferous. (a) The U-shaped 
burrow Tissoa promotes the formation of minerals that concentrate along tube walls and forms a long axis of conical to cylindrical calcareous 
concretions. Note the presence of two burrow openings (arrows) indicating a U-shaped morphology. Upper Cretaceous, Hidden Lake Formation, 
Obelisk Col, James Ross Island, Antarctica. Scale bar is 1 cm. See Buatois and Lopez Angriman (1992a). (b) Abundant vertical burrows (Skolithos 
linearis) expressed as circular cross-sections on bedding plane. Lower to Middle Cambrian Campanario Formation, Angosto de Perchel, northwest 
Argentina. Although trace fossils are abundant in this unit, no body fossils have been recovered with the exception of a few linguliformean brachio- 
pods. See Mangano and Buatois (2004b). Lens cap is 5.5 cm. 



that accidentally falls within a burrow may escape destruc- 
tion by early diagenesis, subsequent bioturbation, and phys- 
ical reworking, and successfully cross the fossilization barrier 
(Bromley, 1990, 1996). Repeated storms may lead to accumu- 
lation of abundant skeletal material within callianassid bur- 
rows producing tubular tempestites (Tedesco and Wanless, 
1991). The temptation to establish a genetic link between 
the burrow system and the preserved body fossils should be 
resisted at any cost. The standard example here is the deli- 
cate preservation of bryozoans trapped inside Thalassinoides 
paradoxicus in chalk (Voigt, 1959, 1974). Another example 
is the occurrence of the infaunal bivalve Wilkingia within 
Thalassinoides-like burrows (Maerz et ah, 1976). 

1.2.6 TRACE FOSSILS ARE COMMONLY PRESERVED 
IN ROCK UNITS THAT ARE OTHERWISE 
UNFOSSILIFEROUS 

This characteristic derives, at least in part, from the previously 
outlined fact that trace fossils being produced by soft-bodied 
faunas have very low preservation potential. In addition, condi- 
tions leading to the preservation of trace fossils are remarkably 
different than those of body fossils. Accordingly, field parties 
commonly split into two factions, body-fossil paleontologists 
rushing into mudstone intervals and ichnologists browsing 
through sandstone and mudstone interfaces. In particular, dia- 
genetic processes that may lead to destruction of body fossils 
may enhance trace fossils because burrow walls reinforced with 
mucus act as focus for mineral precipitation. 

In some cases, the biogenic structure may promote the forma- 
tion of diagenetic minerals (see Section 1.3.2). The U-shaped 
burrow Tissoa forms the long axis of conical to cylindrical 



calcareous concretions due to the formation of minerals that 
concentrate along tube walls (Frey and Cowles, 1969; Buatois 
and Lopez Angriman, 1992a) (Fig. 1.7a). Concretionary flint 
in chalk results from silicification of burrow systems, such 
as Thalassinoides, Ophiomorpha, Zoophycos, and Bathichnus 
(Bromley and Ekdale, 1984a). 

This differential preservation of trace fossils with respect to 
body fossils is of great importance because it is not uncommon 
that biogenic structures represent the only biotic evidence in 
many rock units. For example, thick successions of Cambrian- 
Ordovician quartzites commonly devoid of body fossils contain 
abundant trace fossils that allow paleoecosystem reconstructions 
(e.g. Mangano and Buatois, 2004b) (Fig. 1.7b). In the case of ver- 
tebrates, although footprints and bones may be present separately, 
there are many examples of co-occurrence (e.g. Lockley, 1991). 

1.2.7 THE SAME BIOGENIC STRUCTURE MAY 
BE DIFFERENTIALLY PRESERVED IN VARIOUS 
SUBSTRATES 

The same burrowing technique may lead to apparently dispar- 
ate biogenic structures if produced under contrasting substrate 
conditions, both in terms of degree of consistency of the sub- 
strate, grain size, and stratal position. The nature of the sub- 
strate is essential to determine the feasibility and efficiency of 
the burrowing technique, and strongly influences the resultant 
morphology of the trace fossils. The most significant practical 
consequence of this characteristic is a persistent taxonomic 
nightmare for ichnologists. This problem is clearly illustrated by 
the ichnogenus Nereites and its multiple preservational variants, 
such as Neonereites, Scalarituha, and Phyllodocites (see discus- 
sion by Uchman, 1995 and Mangano et al., 2000). Essentially, 
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Nereites consists of a central tunnel enveloped by a zone of 
reworked sediment, but its preservation is highly dependent on 
substrate. Chamberlain (1971) demonstrated that single speci- 
mens could be preserved as lobes or pustules at the base of sand- 
stone layers (Neonereites preservation) or as median furrows 
with reworked lobes on both sides on top of beds (Scalarituha, 
Nereites, or Phyllodocites preservation). 

Another striking example is that of chevronate locomo- 
tion traces of nuculoid bivalves represented by the ichnoge- 
nus Protovirgularia and its plethora of preservational variants, 
such as Walcottia, Uchirites, Imbrichnus, and Chevronichnus 
(Rindsberg, 1994; Seilacherand Seilacher, 1994; Mangano etal., 
1998, 2002a). The morphology of these locomotion trace fossils 
is highly controlled by substrate consistency (Fig. 1 .8a-c). These 
ichnotaxa do not represent major behavioral differences; they 
mainly record changes in the degree of dewatering and other 
related properties of the sediment. The locomotion mechanism 
of bivalves is based on rhythmic changes of shape performed 
by their single muscular foot (Trueman, 1966; Seilacher and 
Seilacher, 1994). In nuculoid bivalves, which have a bifurcated 
foot, the repetition of this cycle is recorded by the undertrace, 
which commonly displays diagnostic chevronate morphology 
(Seilacher and Seilacher, 1994). The distance between two chev- 
rons represents each sequential set of movements and each 
chevron indicates the site of anchoring of the foot flaps within 
the sediment. Sharp, closely spaced chevrons account for short 
steps, with the animal struggling to advance in stiff, resistant 
sediment. Longer distances between chevrons may reflect rela- 
tively coherent, but less resistant substrates, resulting in lower 
shell friction, and allowing smoother and easier movement 
during the protraction phase. Sediment that is too fluid may 
result in irregular and highly deformed trace-fossil morpholo- 
gies, recording the diflflculties of the foot in obtaining a secure 
anchorage (Mangano et al, 1998; Carmona et al., 2010). 

1.2.8 TRACE FOSSILS COMMONLY HAVE LONG 
STRATIGRAPHIC RANGES 

The large majority of ichnofossils displays long stratigraphic 
ranges, commonly spanning most, if not all, of the Paleozoic. 
A smaller number, including mostly very simple forms, has 
even originated in the Ediacaran (e.g. Helminthoidichnites and 
Palaeophycus) (Fig. 1.9a-c). Interestingly, this fact does not 
seem to indicate a common producer through geological time, 
but rather the activity of different types of animals involved in 
the production of a single ichnotaxon through the Phanerozoic. 
Accordingly, this characteristic reveals behavioral convergence, 
and is directly linked to the previously discussed principle that 
states that a single ichnotaxon may be produced by many differ- 
ent animals. Certain behavioral strategies were established rela- 
tively earlier in the history of metazoan life and have remained 
relatively unchanged. Obviously, this characteristic makes trace 
fossils of limited use in biostratigraphy (see Chapter 1 3). As with 
every rule, this one also has its exceptions (Seilacher, 2007b). 
Some complex structures produced by insect trace fossils have 




Figure 1.8 Characteristics of trace fossils. The same biogenic structure 
may be differentially preserved in various substrates, (a) Imbrichnus 
wattonensis. Forest Marble Formation, Jurassic, Forest Marble, Dorset, 
England. See Hallam (1970). (b) Walcottia rugosa. McMillan beds, 
Ordovician, Cincinnati, Ohio, United States. See Osgood (1970). (c) 
Uchirites triangularis. Guarico Formation, Eocene, Boca de Uchire, 
Venezuela. See Macsotay (1967). These three forms represent different 
preservational variants of a chevronate locomotion trace fossil of a cleft- 
foot bivalve, reflecting various degrees of substrate consistency and cor- 
responding preservation of the chevrons. They are now all included in 
a single ichnogenus, Protovirgularia. Scale bars are 1 cm. See Seilacher 
and Seilacher (1994) and Mangano et al. (1998, 2002a). 

more limited stratigraphic ranges, representing departures to 
this principle (Genise, 2004). To a lesser extent, the same can 
be said of biogenic structures produced by micro and macro- 
bioerosion that commonly have narrower stratigraphic ranges 
than most burrows, trails and trackways (Bromley, 2004; Glaub 
and Vogel, 2004). In addition, a fair number of ichnotaxa seem 
to be restricted to the early Cambrian, including Psammichnites 
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Figure 1.9 Characteristics of trace fossils. Trace fossils commonly have 
long stratigraphic ranges. Helminthoidichnites tenuis (a) Lower Cambrian, 
Puncoviscana Formation, San Antonio de Los Cobres, northwest 
Argentina. Scale bar is 1 cm. See Buatois and Mangano (2003a). (b) Upper 
Carboniferous, Agua Colorada Formation, Cantera La Laja, northwest 
Argentina. Scale bar is 1 cm. See Buatois and Mangano (2003a). (c) 
Lower Cretaceous, La Hu&guina Limestone Formation, Las Floyas fos- 
sil site, central Spain. Scale bar is 5 cm. See Buatois et al. (2000). 

gigas, Didymaulichnus miettensis, and several ichnospecies of 
Oldhamia (see Section 13.4). 

1.2.9 TRACE FOSSILS COMMONLY HAVE NARROW 
ENVIRONMENTAL RANGES 

Although this characteristic applies more accurately to trace- 
fossil associations rather than to individual ichnotaxa, it reveals 
in any case the fact that biogenic structures are strongly con- 
trolled by environmental factors and, therefore, they tend to 
occur preferentially in certain environments of deposition. For 



example, a number of ichnotaxa are almost exclusively from 
deep-marine environments, including Paleodictyon (Fig. 1 . 10a), 
Helicolithus, Spirorhaphe, Desmograpton, Helminthorhaphe 
(Fig. 1.10b), and Urohelminthoida. Typical shallow-marine 
trace fossils include Psammichnites, Curvolithus, Daedalus, and 
Arthrophycus. Another set of trace fossils, such as Termitichnus, 
Vondrichnus, Celliforma, and Coprinisphaem, are exclusive to 
terrestrial environments. The combination of this character- 
istic with the fact that trace fossils display long stratigraphic 
ranges makes them of great importance in paleoecology, allow- 
ing comparisons of rocks of different ages formed in similar 
depositional environments. Certainly, this is at the core of the 
ichnofacies concept (see Section 4.1). 

I.2.I0 TRACE FOSSILS ARE RARELY TRANSPORTED 

Trace fossils represent the in-situ record of biogenic activity. 
Almost invariably, they have not suffered secondary displacement. 
Accordingly, trace fossils reveal a more intimate link with the host 
substrate. This characteristic reveals another of the strengths of 
trace fossils in paleoecological and paleoenvironmental recon- 
structions. As with the other principles, some exceptions can be 
mentioned. First, some trace fossils, most notably borings, can be 
transported together with the host medium. These include logs 
bored with Teredolites and bioeroded shells and clasts. Second, 
burrows with strongly reinforced walls are resistant to erosion 
and reworking, and may be subject to transport. Fragments of 
crustacean galleries, typically Ophiomorpha (Fig. l.lla-c) and 
beetle nests, such as Coprinisphaera, fall into this category. In par- 
ticular, the wasp ichnogenus Chubutolithes is constructed around 
plant stems, but subsequently drops to the soil and is reworked by 
fluvial processes (Genise and Cladera, 2004). 

1.3 PRESERVATION OF TRACE FOSSILS 



Any trace-fossil description should provide an accurate charac- 
terization of preservational aspects. Two main preservational 
facets can be distinguished: toponomy and physiochemical proc- 
esses of preservation and alteration (Frey and Pemberton, 1985). 
Toponomy comprises the description and classification of bio- 
genic structures with respect to their mode of preservation and 
occurrence. Mode of occurrence is usually defined according to 
the position of the structure on or within the stratum, or relative 
to the casting medium. Also included within toponomy are the 
mechanical processes involved in the fabrication of the structure 
(stratinomy) and its alteration (taphonomy). 

I.3.I STRATINOMIC CLASSIFICATIONS 

Schemes of stratinomic classification (Fig. 1.12) have been pro- 
posed by Simpson (1957), Seilacher (1964b), and Martinsson 
(1970), and are addressed below in chronological order. Summaries 
and discussions of these classification schemes have been pub- 
lished elsewhere (e.g. Hallam, 1975; Frey and Pemberton, 1985). 
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Figure 1.10 Characteristics of trace 
fossila Trace fossils commonly have 
narrow environmental rangea Some 
ichnotaxa represent extremely sophisti- 
cated feeding strategies that are almost 
exclusive to deep-marine environmenta 
(a) Paleodictyon majus. Zumaya Flysch, 
Lower Eocene, Guipuzcoa, Spain. See 
Crimes (1977). (b) Helminthorhaphe 
jlexuosa. Lower Eocene, Guarico For- 
mation, Boca de Uchire, Venezuela. See 
Macsotay (1967). Scale bars are 1 cm. 




Figure 1.11 Characteristics of trace 
fossils. Trace fossils are rarely trans- 
ported. In situ Ophiomorpha burrow 
systems and reworked burrow frag- 
menta Pleistocene, Pehuenco coast, 
Buenos Aires province, Argentina, 
(a) General view of in situ burrow sys- 
tems (arrows), (b) Close-up of bur- 
row systems (arrows). Scale bar is 10 
cm. (c) Reworked burrow fragments 
(arrow) in a coastal conglomerate. 
Lens cap (below arrow) is 5.5 cm. 
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Figure 1.12 Block diagram illustrating the terms used in the stratinomic 
classifications of Seilacher (1964b) and Martinsson (1970). 

SIMPSON’S CLASSIFICATION 

Simpson (1957) established four preservational categories: bed- 
junction, concealed bed-junction, diagenetic, and burial preser- 
vations. Bed-junction preservation includes trace fossils preserved 
in relief at a bed junction. Concealed bed-junction preservation 



refers to individual burrows that appear to be isolated within an 
interval of different lithology (Fig. 1 . 1 3a). Diagenetic preservation 
includes ichnofossils preserved as nodule or nodule protuberances 
formed during early diagenesis (Fig. 1.13b). Burial preservation 
refers to filled burrows that have been subsequently exhumed by 
currents winnowing away the associated soft matrix. 

SEILACHER’S CLASSIEICATION 

Seilacher (1964b) proposed a preservational scheme that com- 
prises two separate sets of terms, descriptive and genetic, which 
represents a modification of a previous classification (Seilacher, 
1953a). Descriptive terms are essentially based on the relation- 
ship of the trace fossil to a casting medium, which is usually 
sandstone. Two main subdivisions, full relief and semirelief, 
were established. A third category, biodeformational structures, 
was also defined. Full-relief structures are preserved within the 
stratum (Fig. 1.13c). Semirelief structures are preserved at litho- 
logical interfaces and have been in turn subdivided into epirelief 
(preserved at the top; Fig. 1.13d-e) or hyporelief (preserved at 
the base; Fig. 1.13f-g) of the sandstone bed. Additionally, the 
terms concave (positive) and convex (negative) are used to pro- 
vide a picture of the trace-fossil relief Finally, biodeformational 




Figure 1.13 Examples of preservational categories, (a) Concealed bed-junction preservation. Firmground Thalassinoides filled with coarse-grained 
sand in prodelta mudstone. Lower Miocene, Tacata Field, Western Venezuela Basin. Core width is 9 cm. See Buatois et al. (2008). (b) Diagenetic 
preservation. Silicified Diplocraterion parallehim Middle Miocene, Socorro Formation, Quebrada El Pauji, northwestern Venezuela. Scale bar is 1 
cm. (c) Full-relief preservation. Lingulicimus verticalis Lower Triassic, Montney Formation, Sturgeon Lake area, west-central Alberta, Canada. Core 
width is 8 cm. See Zonneveld and Pemberton (2003). (d) Negative epirelief The arthropod trackway Protichnites isp. associated with ripple marks. 
Upper Cambrian, Cairnside Formation, Postdam Group, slab exhibited at the Fossil Garden at Buisson Point Archaeological Park, Melocheville, 
Quebec, Canada. Coin is 2.4 cm. (e) Positive epirelief. Psammichnites iniplexus locally preserved along ripple troughs. Upper Carboniferous, Stull 
Shale, Kanwaka Formation, Waverly fossil site, Kansas, United States. Scale bar is 1 cm. See Mangano et al. (2002b). (f) Negative hyporelief 
Psammichnites grunmla. Note well-developed holes (siphon marks) along a median line and prominent levees on both sides of the trace. Upper 
Carboniferous, Stull Shale, Kanwaka Formation, Waverly fossil site, Kansas, central United States. Scale bar is 1 cm. See Mangano et al. (2002b). 
(g) Positive hyporelief. Paleodictyon minimum. Lower to Middle Eocene, Tarcau Sandstone, Siriu Dam, Romania. Scale bar is 1 cm. See Buatois et 
al. (2001). (h) Cross-section view of mammoth undertracks (arrows). Mammoth National Park. South Dakota, United States. Scale bar is 10 cm. 
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structures are not defined with respect to the casting medium, 
but refer to sediment disturbances of biological origin, such as 
poorly defined burrow mottling. 

Genetic terms refer to the assumed relationship of the trace 
fossil to the contemporary surface rather than that of the trace- 
maker. These include exogenic, endogenic, and pseudoexo- 
genic. Exogenic refers to surficial traces covered by sediment 
that differs from that of the host layer. Endogenic includes 
those structures actively or passively filled within the host bed. 
Pseudoexogenic comprises traces formed in a homogeneous 
medium, but subsequently uncovered by erosion and recast 
with sand. The terms active and passive can be further added 
to distinguish between active backfill of the trace fossils from 
subsequent sedimentation infill. Chamberlain (1971) proposed 
a slight modification of Seilacher’s scheme with the suggestion 
of replacing the term exogenic by epigenic. 

A special case of semirelief preservation has been named 
cleavage relief and comprises structures seen on cleavage surfaces 
within intervals of monotonous lithologies (Frey and Pemberton, 
1985). This style is commonly associated with preservation of 
vertebrate and arthropod undertracks (Goldring and Seilacher, 
1971; Frey and Pemberton, 1985) (Fig. 1.13h). It has been argued 
that most fossil trackways are not formed at the sediment surface, 
but reflect deformation of subsurface laminae during production 
of the trackway at the surface. This can be typically detected by 
carefully parting the laminae to reveal vertical repetition of the 
appendage imprints. Undertrack preservation has been elegantly 
demonstrated in limulid trackways by Goldring and Seilacher 
(1971). These authors also detected what was referred to as an 
undertrack-fallout effect by showing that the most delicate and 
superficial imprints tend to disappear with sediment depth. 

MARTINSSON’S CLASSIFICATION 

The classification system proposed by Martinsson (1970) has 
a lot in common with that of Seilacher (1964b), including the 
fact that it is also based on the relationship of the trace fossil 
to a casting medium. Four preservational categories were intro- 
duced: epichnia, hypichnia, endichnia, and exichnia. Epichnial 
preservation comprises structures preserved at the upper sur- 
face of the casting strata, while hypichnial preservation includes 
those preserved at the lower surface of the casting strata. In both 
epichnial and hypichnial preservations, the terms grooves and 
ridges are used to denote negative and positive reliefs, respect- 
ively. Endichnial preservation refers to structures preserved 
within the casting medium and exichnial preservation comprises 
those preserved outside the casting medium. 

EVALUATION OF THE CLASSIFICATION SCHEMES 

Of these classification systems, those of Seilacher and Martinsson 
are the ones that have met with most acceptance. Both are very simi- 
lar and attempt to be comprehensive. Seilacher (1964b) carefully 
distinguished descriptive and genetic terms. For example, a struc- 
ture preserved as positive hyporelief may have been formed: (1) as 



an open burrow system connected to the sediment-water interface 
that was subsequently filled by sand (e.g. graphoglyptids on tur- 
bidite soles); (2) within the sediment along the sand-mud interface 
(e.g. most specimens of Cruziana); or (3) within a homogeneous 
fine-grained sediment that was subsequently erosionally exhumed 
and filled by sand. The advantage of Martinsson’s scheme relies 
in its simplicity, but a certain amount of mixing of preservational 
and genetic aspects in the definition of his terminology represents 
a problem (Jensen, 1997). Simpson’s system is hardly used now- 
adays, and it is definitely not comprehensive. However, it has been 
rightly noted that the scheme contains some useful ideas, such 
as the notion of concealed bed-junction preservation and burial 
preservation (Frey and Pemberton, 1985). In addition, the classifi- 
cation is not strictly stratinomic because it also takes into consid- 
eration diagenetic aspects (see Section 1.3.2) that are overlooked 
in the other classifications. 

1.3.2 PHYSIOCHEMICAL PROCESSES OE 
PRESERVATION AND ALTERATION 

Physiochemical processes of preservation and alteration fall 
within the realm of diagenesis, and can be quite variable and com- 
plex. However, they are still poorly understood although there 
is an increased recognition of their importance (Simpson, 1957; 
Frey, 1975; Bromley and Ekdale, 1984a; Frey and Pemberton, 
1985; Bromley, 1990, 1996; Schieber, 2002; Mcllroy et al, 
2003; Pemberton and Gingras, 2005; Needham et al., 2006). 
Unfortunately, no classification based on diagenetic features is 
available yet. Early diagenesis is particularly relevant when deal- 
ing with trace fossils in carbonates. Organic material and mucus in 
Thalassinoides linings serve as a nucleus for CaCO, precipitation 
resulting in the formation of nodular limestones (Eiirsich, 1972). 
Spectacular examples of diagenetically enhanced trace fossils also 
occur in chalk in the form of flint concretions (e.g. Bromley and 
Ekdale, 1984a) (see Section 1.2.6). The influence of diagenesis on 
biogenic structures is also of paramount importance in alkaline 
lakes (Scott et al, 2007a). These authors evaluated the interplay 
of diagenesis and animal-sediment interactions, and analyzed 
the role of efflorescent salt crystallization, substrate wetting and 
drying, and benthic microbial mats and biofllms. In recent years, 
different studies have emphasized the links between burrowing 
and diagenesis (e.g. Mcllroy et al., 2003; Pemberton and Gingras, 
2005; Needham et ah, 2006). In particular, the importance of bio- 
turbation in enhancing permeability in hydrocarbon reservoirs 
has been stressed (Pemberton and Gingras, 2005). 

1.4 ETHOLOGY OF TRACE FOSSILS 



Trace fossils are primarily evidence of animal behavior (see Section 
1.2.1). Accordingly, understanding the ethological significance of 
trace fossils lies at the very core of ichnology, and virtually any 
valuable inference stems from it (Fig. 1.14). It is unsurprising that 
the ethological classification of trace fossils is one of the most 
popular in ichnology. This system of classification was proposed 
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Figure 1.14 Ethological classifica- 
tion of trace fossils. Modified from 
Bromley (1996). 



originally by Seilacher (1953a) and is based on the establishment 
of a small number of ethological categories. The original system 
consists of five categories: resting traces (cubichnia), locomo- 
tion traces (repichnia), grazing traces (pascichnia), feeding traces 
(fodinichnia), and dwelling traces (domichnia). These five categor- 
ies represent the basic building blocks of behavioral interpreta- 
tions in ichnology. However, refinements have been suggested to 
take account of additional behaviors. For example, Frey (1973) 
added a sixth category for escape traces or fugichnia, and Ekdale 
et al. (1984) suggested another one for farming traces and traps or 
agrichnia. To this list we should add predation traces or praedichnia 
(Ekdale, 1985) and equilibrium traces or equilibrichnia (Bromley, 
1990). In recent years, new ethological categories were added for 
the work of some ten-estrial insects and bioeroders. Nesting traces 
or calichnia (Genise and Bown, 1994a) and pupation chambers 
or pupichnia (Genise et al, 2007) belong to the first group, while 
fixation/anchoring traces or fixichnia (Gibert et al, 2004) and bio- 
claustration structures or impedichnia (Tapanila, 2005) fall within 
the latter. Seilacher (2007a) introduced death traces or mortichnia. 
Other categories may be considered as subdivisions of the major 
ones. For example, Genise and Bown (1994a) noted that calichnia 
may include building traces or aedifichnia, previously proposed by 
Bown and Ratcliffe (1988). Verde et al. (2007) documented aes- 
tivation chambers in paleosols, but recommended recognition of 
further cases to evaluate whether creating a new ethological cat- 
egory is advisable or whether this should be considered a subset 
of domichnia. In addition, Genise (1995) made the point that 
substrate selection is an integral part of behavior and introduced 



xylichnia for wood borings, but placed it as a subcategory of fodin- 
ichnia. Unsuccessful attempts at escape have been referred to as 
taphichnia by Pemberton et al. (1992b), but included in fugichnia 
by Bromley (1996). Needless to say, most trace fossils represent 
more than one activity and overlap among categories reflects com- 
mon intergradations. The category polychresichnia was proposed 
for trace fossils that represent many simultaneous multiple behav- 
iors and uses (Hasiotis, 2003). However, this situation is the rule 
rather than the exception and, therefore, a discrete ethological cat- 
egory is unnecessary. Excellent summaries of the ethological classi- 
fication have been published by Frey and Pemberton (1984, 1985), 
Ekdale (1985), and Bromley (1990, 1996). 

1.4.1 RESTING TRACES OR CUBICHNIA 

Resting traces are produced by vagile organisms that temporar- 
ily dig down, forming shallow depressions, seeking protection 
from predators or that simply stop their usual activities during 
quiescent moments. Strictly speaking, few tracemakers actu- 
ally rest and different subordinate behaviors may be involved 
(Bromley, 1990, 1996). For example, some resting traces are 
linked to feeding purposes. Ophiuroids, common producers of 
Asteriacites, dig in the sediment searching for prey and shift- 
ing their position at intervals. Resting traces of the ghost crab 
Ocypode quadrata are associated with hydration and respiration 
(Martin, 2006a). On morphological grounds, resting traces 
clearly reflect the latero-ventral anatomy of their producers (Fig. 
1.15a). As a consequence, resting traces can be ascribed to their 




Figure 1.15 Examples of the original ethological categories established by Seilacher (1964b). (a) Resting trace (cubichna) Tonganoxidmus build- 
exensis. Note morphological evidence of the latero-ventral anatomy of its producer, a monuran insect. The anterior region is characterized by the 
presence of a frontal pair of maxillary palp impressions, followed by a head impression and three pairs of conspicuous thoracic appendage imprints 
symmetrically opposite along a median axis. The posterior region commonly exhibits numerous delicate chevron-like markings, recording the 
abdominal appendages, and a thin, straight, terminal extension. Upper Carboniferous, Tonganoxie Sandstone, Stranger Fomation, Buildex Quarry, 
Kansas, central United States. See Mangano et al. (1997, 2001a). Scale bar is 1 cm. (b) Giant arthropod locomotion trace (repichnia) Diplidmites 
cuitliensis. Two rows of imprints produced by the locomotory appendages of a terrestrial myriapod are recorded. Upper Carboniferous, El Cobre 
Canyon Formation, El Cobre Canyon, New Mexico, southwest United States. See Lucas et al. (2005). Scale bar is 10 cm. (c) Grazing trail (pascich- 
nia) Nereites irregularis. Note highly specialized guided meanders evidencing efficient covering of the substrate. Paleogene, Rhenodanubian Flysch, 
IToflein Wiener Wald, Austria. Scale bar is 1 cm. See Uchman (1999). (d) A.steridmus isp.. Upper Ordovician, Letna Formation, Chrustenice, Czech 
Republic. See Prantl (1945) and Mikulas (1998). Scale bar is 1 cm. (e) The U-shaped dwelling trace (domichnia) Diplocraterion. Lower Jurassic, 
Staithes Sandstone Formation, Staithes Harbour, North Yorkshire Coast, England. See Taylor and Pollard (1999). Scale bar is 1 cm. 
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makers with a higher degree of certainty than other categories. 
Although discrete resting traces do occur, intergradations with 
locomotion traces (e.g. Rusophycus-Cruziana) or escape traces 
(Lockeia-Protovirgularia wattonensis) commonly occur. The 
typical preservation is as positive hyporelief, although negative 
epireliefs can occur. Examples of resting traces are Lockeia, 
Tonganoxichnus (Fig. 1.15a), Tripartichnus, Selenichnites, 
Asteriacites, Rusophycus, Medousichnus, Raaschichnus, and 
Limulicubichnus. Landing traces or volichnia (Walter, 1983) are 
best included within cubichnia. 

1.4.2 LOCOMOTION TRACES OR REPICHNIA 

Locomotion traces result from animals that move from one place 
to another. The main activity here is displacement of the produ- 
cer. Other activities, such as feeding, might be involved but they are 
not reflected by the biogenic structure. As for almost all trace fos- 
sils, locomotion traces are typically produced by benthic animals. 
However, fish swimming close to the sediment-water interface may 
occasionally touch the bottom leaving locomotion trails ( Undichna). 
Because of this, the term “locomotion trace” is preferred to the 
most widely used “crawling trace”. The morphology of the trace 
fossil is directly related to the locomotion mechanism involved (e.g. 
locomotory appendages in arthropods and tetrapods, and muscular 
foot in bivalves). Trackways represent a typical example (Fig. 1 . 1 5b), 
but continuous horizontal trails are also common. Morphologies in 
this latter case include bilobate traces, simple trails, and chevronate 
traces. Complex traces suggestive of systematic probing due to feed- 
ing activities are excluded. Although less informative of the anat- 
omy of the producers, locomotion traces may shed some fight on 
the type and number of appendages involved in locomotion, as well 
as on the role of muscles used for displacement. Locomotion traces 
are invariably preserved as positive hyporelief or negative epireliefs, 
and are essentially bedding-plane trace fossils formed either at the 
sediment-water/air interface or along lithological interfaces. 
Examples include a wide variety of tetrapod and arthropod track- 
ways, such as the ichnogenera Umfolozia, Kouphichnium, Diplichnites 
(Fig. 1.1 5b), Permichnium, Mirandaichnium, Octopodichnus, and 
Paleohelcura, among many others. Locomotion trails are repre- 
sented by Cruziana, Gyrochorte, Diplopodichnus, Didymaulichnus, 
and Protovirgularia. As indicated by Bromley (1990, 1996), swim- 
ming traces (natichnia of Muller, 1962, and Walter, 1983), and run- 
ning traces (cursichnia of Walter, 1983) are best included under the 
more general repichnia. 

1.4.3 DEATH TRACES OR MORTICHNIA 

Death traces refiect the last movements of the makers that are 
preserved together with their trace fossils. Even post-mortem 
convulsions may be recorded (Seilacher, 2007a). These are 
unique cases in which a trace fossil is attributed without any 
doubt to a producer. They are typically arthropod trackways, 
such as those of limulids and crustaceans, ending in a body 
fossil. Less common examples include those of bivalves and 
gastropods preserved at the end of their burrows and trails. 



respectively, and tail traces produced by fish. Death traces are 
almost invariably preserved in anoxic settings as a result of the 
activity of animals that were transported by turbidity currents 
into the anoxic zone. With the exception of Telsonichnus, which 
resulted from the final movements of the shrimp Antrimpos 
(Seilacher, 2007a), no formal names have been proposed for 
death trace fossils. Taxonomic names originally proposed for 
locomotion structures (e.g. Kouphichnium) are commonly used. 

1.4.4 GRAZING TRACES OR PASCICHNIA 

Grazing traces refiect a combination of locomotion and feed- 
ing because the animal searches for food while traveling. They 
represent the activity of mobile, infaunal deposit feeders or epi- 
faunal detritus- feeding organisms, and typically include forms 
that are more regular than trails that simply reflect locomotion 
(Fig. 1.15c). These trails are unbranched and horizontal, vary- 
ing from simple, straight grooves that may reflect overlapping to, 
more typically, non-overlapping, curved, circular, and meander- 
ing, including tight guided meanders. Trail complexity reveals the 
degree of sophistication involved in the feeding pattern. In con- 
trast to locomotion and resting traces, anatomic information on 
the producers of grazing traces is mostly unavailable (although 
some general morphological information, such as the length of the 
animal can be readily inferred). As a result, connections between 
the trace and its producer are difficult to establish. As with loco- 
motion traces, grazing traces are preserved as positive hyporelief 
or negative epireliefs. They are typical bedding-plane trace fossils 
formed either at the sediment-water/air interface or along litho- 
logical interfaces. Examples of grazing traces are Gordia, Mermia, 
Helminthoidichnites, Archaeonassa, Psammichnites, Helminthopsis, 
Nereites (Fig. 1.15c), Bichordites, and Scolicia. Helminthorhaphe 
and Cosmorhaphe may belong to this category, although other 
authors tend to include them in agrichnia. 

1.4.5 FEEDING TRACES OR FODINICHNIA 

Feeding traces represent combined dwelling and feeding activ- 
ities. They are typically produced by infaunal deposit feeders 
that develop an “underground mining” strategy. Morphologies 
are variable, ranging from simple to extremely complex. 
Intergradations with dwelling traces are common, and some 
structures are difficult to place in one category or the other. 
Common patterns include simple burrows, branched burrow 
systems, radial structures, and U-shaped tubes. Spreite forma- 
tion is quite typical. Evidence of active infill (e.g. backfill) by 
the organism is almost diagnostic. In contrast to the previously 
described categories, orientation with respect to the bedding 
plane is highly variable, including horizontal, inclined, and 
vertical traces. Little, if any, anatomic information is provided 
by feeding traces. Endichnial preservations are the most com- 
mon. Examples include Asterichnus (Fig. 1.1 5d), Aslerosoma, 
Arthrophycus, Rhizocorallium, Treptichnus, Dictyodora, 
Lophoctmium, Teichichnus, Daedalus, Syringomorpha, 
Gy rophy Hites, Dactyloidites, and Phycodes. 
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Figure 1.16 Examples of the subse- 
quently added ethological categor- 
ies. (a) The farming trace (agrichnia) 
Spirorhaphe involuta. Lower Eocene, 
Guarico Formation, Boca de 
Uchire, Venezuela. See Macsotay 
(1967). Scale bar is 1 cm. (b) Escape 
traces (fugichnia) (arrows) in tem- 
pestite. Upper Permian, San Miguel 
Formation, Mallorquln # 1 core, 
Paraguay. Core width is 8 cm. (c) 
Equilibrium structure (equilibrich- 
nia) Scalichnus (arrow) produced 
by the bivalve Atrina (see body 
fossil of the producer preserved at 
the top of the structure). Lower 
Miocene, Chenque Formation, 
Caleta Olivia, Patagonia, Argentina. 
See Carmona et al. (2009). Scale 
bar is 5 cm. (d) Predation trace 
(praedichnia). Modern termite nest 
reworked by a myrmecophagous 
mammal. Matjiesgloof Farm, South 
Africa. Scale bar is 10 cm. See Fey 
(2010) (e) The nesting trace (cal- 
ichnia) Coprinisphaera ecuadorien- 
sis (arrows). Pleistocene, Cangagua 
Formation, Quito, Ecuador. See 
Laza (2006). Lens cap is 5.5 cm. 



1.4.6 DWELLING TRACES OR DOMICHNIA 

Dwelling traces comprise permanent domiciles constructed by 
infaunal organisms, commonly sessile suspension feeders and 
passive predators. Less commonly, active predators and deposit 
feeders also construct dwelling traces. Emphasis is on dwelling, 
but other activities may be involved. The category encompasses 
not only burrows but also borings in hard substrates. The morph- 
ology ranges from simple burrows to U-shaped tubes (Fig. 1.1 5e) 
and branched burrow systems. Dwelling traces are typically verti- 
cal to oblique, but horizontal burrows may occur. Burrow linings 
are common, reflecting construction of permanent structures. 
Burrow diameter tends to be quite constant, reflecting tracemaker 
width. Dwelling traces are preserved as endichnia. Examples 
of dwelling traces are Skolithos, Arenicolites, Diplocraterion 
(Fig. 1.1 5e), Ophiomorpha, Thalassinoides, Monocraterion, 
Caniborygma, Lunulichnus, and Palaeophycus. 



1.4.7 TRAPS AND FARMING TRACES OR AGRICHNIA 

Agrichnia includes complex and extremely regular burrow systems 
that are referred to as graphoglyptids. These structures represent 
combined dwelling and feeding activities, and are thought to be 
produced for bacterial farming or as traps to capture meiofauna 
or microorganisms (Seilacher, 1977a). Burrow morphologies 
include branched meanders, spirals (Fig. 1.16a), and nets. These 
patterns are typical of the deep sea, but have been compared 
with modern spirals formed in intertidal areas by the polychaete 
Paraonis fulgens for trapping diatoms (Roder, 1971; Papentin and 
Roder, 1975; Seilacher, 1977a; Minter et al., 2006). However, some 
graphoglyptids display multiple exits and side branches that sug- 
gest bacterial farming rather than trapping (Seilacher, 1977a). The 
burrows are maintained as open tunnels in hemipelagic mud, very 
close to the sediment-water interface and, therefore, no active infill 
occurs. They are subsequently excavated by turbidity currents and 
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Box 1.2 The ethology of Zoophycos 

Zoophycos is one of the most complex trace fossils (Fig. 1.17a-h). Several constructional models have been proposed to 
account for its intricate morphology and its ethological significance. Hardly a year passes without a new paper on Zoophycos. 
Richard Bromley (1991) elegantly summarized the different available models for Zoophycos. Because of the large morpho- 
logical variability of Ordovician to Recent Zoophycos, it is likely that there is no single universal “correct” model and, instead, 
models should be applied on a case-by-case basis. It is even possible that the Zoophycos animal displays a behavioral plasticity 
that allows for shifts in feeding strategies and trophic types if necessary. 

Strip-mine model: This model implies a deposit-feeding strategy for the Zoophycos producer. In this model, the spreite is the 
result of sediment feeding and waste disposal occurring simultaneously. This is a low-cost system based on minimal sediment 
transport. However, the discovery by Nobuhiro Kotake that the Zoophycos producer introduces sediment from the sediment- 
water interface in the form of excreted pellets militates against the strip-mine, deposit-feeding model. 

Detritus-feeding model: A detritus-feeding strategy is supported by the downward conveyance of sediment involved in 
Zoophycos. However, this is definitely a high-cost system and its viability remains unclear. 

Refuse-dump model: This model attempts to reconcile the two apparently contradictory facts that the Zoophycos-iniAXmg 
material is derived from a higher level and that the spreite is suggestive of a deposit-feeding strategy. Solving this contradic- 
tion requires that the preconstructed cavity is the result of deposit feeding and that the resulting material is conveyed upwards, 
while sediment from the surface is conveyed downwards to maintain the narrow form of the tube. This model is consistent with 
the generally accepted deep-tier nature of Zoophycos. However, as in the previous model, this is a high-cost system. 

Cache model: Evidence from marine benthic ecology suggests that the flux of food supply varies periodically and, as a result, 
some organisms squirrel away food to be used later. The cache model implies that the Zoophycos producer feeds at the surface, 
but also conveys organic material downwards, using the burrow as a storage place for times of reduced food supply. This model 
is consistent with both the well-accepted downward convection and the deep-tier nature of Zoophycos. 

Gardening model: This model adds another level of complexity to Zoophycos behavior. It has been noted that the thin bur- 
row-fill laminae have a large interface with the surrounding sediment, and that a long marginal tube runs around the perimeter 
of the spreite. According to the gardening model, the Zoophycos animal uses the surface sediment as a carrier of microbes and 
cultivates bacteria within the marginal tube. This model is consistent with the overall complexity of the burrow. 

References: Seilacher (1967a, 2007a); Simpson (1970); Wetzel and Werner (1981); Kotake (1989, 1991, 1994, 1997); Bromley (1991); M.F. 
Miller (1991); Ekdale and Lewis (1991a); Wetzel (1992); Gaillard and Olivero (1993); Fu and Werner (1995); Olivero and Gaillard (1996, 

2007) ; Bromley et a!. (1999); Miller and d' Alberto (2001); Bromley and Hanken (2003); Lowemark and Schaffer (2003); Knaust (2004a, 

2008) ; Lowemark et al. (2006, 2007). 



cast by the turbidite sand. Accordingly, graphoglyptids are pre- 
served as a positive hyporelief at the base of turbidite sandstones. 
Examples of agrichnia are Spirorhaphe (Fig. 1.16a), Belorhaphe, 
Helicolithus, Urohdminthoida, Paleomeandron, Desmograpton, 
Paleodictyon, Megagrapton, and Protopaleodictyon. It has been 
suggested that some deeper branching burrow systems may be 
included in agrichnia, such as Chondrites (Seilacher, 1990a; Fu, 
1991; Bromley, 1996) and Pragichnus (Mikulas, 1997). In add- 
ition, farming has been suggested as the feeding strategy involved 
in the helically coiled spreiten burrow Zoophycos (Fu and Werner, 
1995) (Box 1.2), and the sinusoidal crustacean burrow system 
Sinusichnus (Gibert, 1996; Buatois et al., 2009a). 

1.4.8 ESCAPE TRACES OR EUGICHNIA 

Escape traces include structures formed in response to rapid 
changes in sedimentation, typically event deposition. Animals 
are forced to rapidly readjust their burrows to avoid burial. 
Lateral escape from predators may be included in this category 
(Bromley, 1990, 1996). The polychaete Scolelepis squamata 
forms sinusoidal trails similar to Cochlichnus to escape from 
predators (Behrends and Michaelis, 1977). This latter group of 



escape traces is difficult, if not impossible, to recognize in the 
fossil record. In any case, typical escape structures are revealed 
by the vertical repetition of dwelling traces, commonly form- 
ing not only cone-in-cone morphologies (Fig. 1.16b) but also 
U-in-U traces. Burrow walls are poorly defined and unlined, 
reflecting rapid sediment reworking. These structures are invari- 
ably preserved as endichnial structures. Bivalves and sea anemo- 
nes usually produce escape traces. Because their morphology is 
so simple, it is common practice among ichnologists not to give 
formal ichnotaxonomic treatment to escape traces (e.g. Hanken 
et al., 2001). As noted by several authors, care should be exer- 
cised to avoid confusing escape traces with physical collapse fea- 
tures (Frey and Pemberton, 1985; Buck and Goldring, 2003). 

1.4.9 EQUILIBRIUM TRACES OR EQUILIBRICHNIA 

Equilibrium traces encompass structures formed in substrates 
affected by progressive aggradation and degradation. In con- 
trast to escape traces, equilibrichnia comprises more gradual 
adjustments under background sedimentation reflecting the 
fact that infaunal organisms live at a certain depth with respect 
to the sediment-water interface. Displacements include upward 
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Figure 1.17 Morphological variability 
and different expressions of Zoophycos. 
(a) Bedding-plane view of a large speci- 
men showing a complex spiral form and 
lobes with well-developed primary lamel- 
lae. Middle Ordovician, Tabuk Group, 
northern Saudi Arabia. Scale bar is 1 
cm. (b) Bedding-plane view of a small 
specimen showing a eomplex spiral form 
and lobes with well-developed marginal 
tube. Upper Cretaceous, Amden Beds, 
Faneren area, Switzerland. Scale bar is 
1 cm. See Wetzel (2003). (c) Bedding- 
plane view of a large specimen showing 
a simple planar form and lobes with 
well-developed primaiy lamellae. Upper 
Cretaceous, Siliceous Marl, Rzyki, Outer 
Carpathians, Poland. Scale bar is 1 cm. 
See Uchman and Gieszkowski (2008a). 

(d) Bedding-plane view of a large spe- 
cimen showing a complex spiral form 
and lobes with well-developed primary 
lamellae. Note horizontal section of 
axial shaft (arrow). Upper Cretaceous, 
Rabot Formation, Rabot Point, James 
Ross Island, Antarctica. Length of ham- 
mer is 33.5 cm. See Buatois et al. (1993). 

(e) Cross-section view of specimen 
showing axial shaft and successive lobes 
Upper Cretaceous, Rabot Formation, 
Rabot Point, James Ross Island, 
Antarctica. Lens cap is 5.5 cm. See 
Buatois et al. (1993). (f) Cross-section 
view of specimen showing successive 
lobes Lower Cretaceous, Kotick Point 
Formation, Kotick Point, James Ross 
Island, Antarctica. Scale bar is 1 cm. See 
Buatois and Mangano (1992). (g) Cross- 
section view of specimen in core show- 
ing lamina consisting of alternating 
dark- and light-colored menisci. Lower 
CretaceousMuderongShale Formation, 
Pluto Field, Camavon Basin, offshore 
Northwestern Australia. Scale bar is 
1 cm. (h) Cross-section view of specimen 
in core showing change in the orienta- 
tion of the backfilled. Lxtwer Cretaceous, 
Muderong Shale Formation, Pluto Field, 
Camavon Basin, offshore Northwestern 
Australia. Scale bar is 1 cm. 



movement as a response to aggradation and downward bur- 
rowing during substrate degradation. Under a rapid inerease in 
sedimentation rate, equilibrium traces grade into escape traces. 
Vertically oriented, spreite U- or V-shaped burrows represent 
the typical morphology and are preserved as endichnia struc- 
tures. The classical example is the vividly named Diplocraterion 
yoyo (Goldring, 1962). Rosselia socialis, a vertical fusiform bur- 
row attributed to terebellid polychaetes, is commonly stacked 
suggesting an equilibrium behavior (Nara, 2002). The bivalve 
Panopea generates equilibrium structures that have been 
included in the ichnogenus Scalichnus (Hanken et al., 2001). 



The bivalve Atrina also produces speetacular equilibrium/ 
adjustment structures by cutting and regenerating its byssum 
(Carmona et al., 2008) (Fig. 1.16c). 

1.4.10 PREDATION TRACES OR PRAEDICHNIA 

This category reflects predatory activities. The most common 
cases are those of borings in hard substrates, sueh as shells or, less 
commonly, bones. Round drill holes, gnawings and the chipped 
margins observed in gastropod and bivalve shells represent typi- 
cal morphologies. Examples include Oichnus and different types 
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of bites and durophagous scars. Predatory holes have also been 
recorded in the Ediacaran tubular shell Cloudina (Bengtson 
and Yue, 1992; Hua et ah, 2003). Walker and Behrens- Yamada 
(1993) have even documented structures due to failed predation 
by crabs in empty gastropod shells. Interestingly, predation by 
trilobites on worms has been suggested based on ichnological 
evidence (Bergstrom, 1973; Jensen, 1990; Brandt et ai, 1995). In 
particular, Jensen (1990) documented examples where the axis 
of the trilobite trace fossil Rusophycus dispar is nearly parallel 
to the worm burrows. Also, the worm burrows closely follow the 
curvature of the Rusophycus dispar trace and are commonly in 
contact with only one of its lobes, suggesting active predation. 
Kramer et al. (1995) described trackways of scorpions or spiders 
(Octopodichnus) and insects (Permichnium) that abruptly termin- 
ate against pelicosaur trackways (Laoporus), suggesting preda- 
tion on arthropods. Modern examples include termite nests that 
are reworked by myrmecophagous mammals, such as aardvarks 
and aardwolves (Taylor and Skinner, 2000) (Fig. 1.1 6d). 

1.4.11 NESTING TRACES OR CALICHNIA 

Calichnia comprises nests constructed or excavated by the 
adult insects for breeding purposes (Fig. 1.1 6e). Insect lar- 
vae are confined to cells or chambers that are provisioned 
by the adults. Nesting traces require specific substrate con- 
ditions, particularly with respect to humidity (Genise and 
Bown, 1994a; Genise et al., 2000). Excessive moisture inside 
cells leads to the decay of provisions, which are attacked 
by fungi and other saprobic organisms, whereas insufficient 
moisture results in the dehydration of larvae, which are not 
protected by a water-resistant cuticle like adults. Included in 
calichnia are beetle nests, such as Coprinisphaera (Fig. 1.16e) 
and Quirogaichnus, and bee cells (Celliforma). 

1.4.12 PUPATION CHAMBERS OR PUPICHNIA 

Pupichnia consists of structures produced by insects, which 
mostly live freely in soils or in vegetation, for their protection dur- 
ing pupation (Genise et al., 2007). The same individual that pro- 
duces the structure, later emerges from it, although in a different 
developmental stage. Examples include Fictoviclmus, Palliclmus, 
and Rebuffoiclmus. 

1.4.13 FIXATION/ANCHORING TRACES OR 
EIXICHNIA 

Fixichnia comprises superficial structures formed on hard sub- 
strate by sessile epilithic organisms to provide attachment. Two 
main groups of fixichnia are recognized: those formed by the 
anchoring of an organism by means of soft parts and those 
produced by the fixation of its skeleton (Gibert et al., 2004). 



Examples of fixichnia include Centrichnus, Podichnus, Renichnus, 
Stellichnus, and Leptichnus. 

1.4.14 BIOCLAUSTRATION STRUCTURES OR 
IMPEDICHNIA 

This category includes structures that record two distinct behav- 
iors during the construction of a cavity in skeletal material 
(Tapanila, 2005). The resulting structure, referred to as embed- 
ment by Bromley (1970) and bioclaustration by Tapanila (2005), 
is produced by the activity of the endosymbiont that inhibits skel- 
etal accretion of the host and by the host, which alters skeletal 
growth to accommodate the infesting organism. The bioclaus- 
tration structure also serves as a domicile for the endosymbi- 
ont. Examples of impedichnia are Helicosalpinx, Tremichnus, 
Chaetosalpinx, Hicetes, Klemmatoica, and Eodiorygma. 

1.4.15 DISCUSSION: COMPUEX TRACES AND 
EXTENDED ORGANISMS 

Undoubtedly, the ethological classification has been extremely 
successful. As noted by Frey and Pemberton (1985), the clas- 
sification is intentionally restricted to a small number of cat- 
egories and proliferation of new ones is not advisable, unless 
they are well founded. In any case, the more recent additions 
are valuable because they document behaviors that were not 
represented in the original Seilacherian scheme. As noted by 
Genise and Bown (1994a), the fact that the original categor- 
ies were based almost exclusively on marine ichnotaxa should 
result in some changes when dealing with behavior peculiar to 
terrestrial trace fossils. 

More recently, some authors suggested that complex trace fossils, 
such as Zoophycos, Paleodictyon, and Phymatoderma, cannot be 
accommodated in the traditional classification scheme (Miller, 1998, 
2002, 2003). The underlying idea is that these structures have been 
occupied for long intervals of time and seem to record some sort of 
active control of the habitat by the tracemaker. In particular, Miller 
and Yokes (1998) attempted to categorize trace fossils under two main 
groups: incidental or those that record a single or dominant behav- 
ioral activity and deliberate or those that represent restructuring of 
habitats, modulation of disturbances, and control of food resources. 
Incidental structures are typically simple, while deliberate structures 
are complex. These authors advocated a fabricational analysis of 
trace fossils that involved evaluation of construction, operation, 
and maintenance of burrow systems. This approach may be framed 
within the recent view of trace fossils as extended organisms (Turner, 
2000, 2003) or the notion of animals as ecosystem engineers (Jones 
et al., 1994). Although the application of this perspective to the fos- 
sil record remains to be tested more extensively, it provides a more 
active role for the tracemakers rather than a simple passive response 
to the prevailing environmental conditions (see Section 6.6). 
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In the final analysis, it is the morphology of the trace as an expression of animal behaviour that is the basis of the name. 

Richard Bromley 

Trace Fossils: Biology, Taphonomy and Applications (\996) 

As ichnologists we must admit that the introduction and discussion of different ichnotaxonomic philosophies reminds us of the 
inherent subjectivity in any scientific endeavor. Ostensibly the ICZN should constrain such subjective interpretation and bring order 
to the field. In practice this is difficult, and a certain degree of chaos and ambiguity still reigns. Nonetheless the science progresses, 
and names, however reliable or controversial, are used for descriptions and dialog between ichnologists. 

Martin Lockley 

“A tale of two ichnologies: the different goal and potential of invertebrate and vertebrate 
(Tetrapod) ichnotaxonomy and how they relate to ichnofacies analysis” (2007) 



Although it is not uncommon to find expressions of doubt 
about the need to use a formal taxonomy to classify trace fos- 
sils, ichnotaxonomic classification is an unavoidable companion 
to preservational and ethological schemes. If a formal name is 
available, simple descriptors (e.g. vertical burrows and meniscate 
traces) should be avoided. The ichnotaxonomic classification, 
albeit imperfect, provides the best common ground on which 
to base more theoretical elaborations and practical applications 
(Buatois et al., 2002a). In any case, in modern ichnology con- 
trasting philosophical perspectives have been adopted to clas- 
sify trace fossils. However, exchange of ideas during and after 
the 1998, 2002, 2006, and 2010. Workshops on Ichnotaxonomy 
have resulted in a growing consensus among practicing ichnolo- 
gists (Bertling et al., 2006). In this chapter, we turn our attention 
into the theoretical and practical aspects involved in classifying 
trace fossils from a taxonomic standpoint. We first address some 
philosophical problems involved in this approach. Then, we 
focus on a detailed review of the different ichnotaxobases cur- 
rently in use and the problems associated with compound and 
composite trace fossils. Subsequent to that, we move on to some 
recent ideas and proposals with respect to the uses of hierarchies 
in trace-fossil taxonomy and the peculiarities of vertebrate ich- 
notaxonomy. Finally, we review some practical aspects involved 
in the recognition of trace fossils in both outcrops and cores. 

2.1 APPROACH AND PHILOSOPHY 



As in the case of body-fossil taxonomists, the lumpers and the 
splitters represent two opposing ways of weighting trace-fossil 
morphology (Pickerill, 1994). Lumpers tend to cluster all exist- 
ing forms in a few essential ichnogenera and splitters find vis- 
ible morphological differences significant enough to create a 
plethora of new forms. From a philosophical perspective, lump- 
ers are certainly more inferential and splitters are more empir- 
ical. Lumpers tend to favor behavior over morphology, trying 



to define the basic ethology that relates a group of structures, 
while splitters remain reluctant to make invisible links among 
apparently dissimilar forms, tending to adopt morphology at 
face value. This confrontation is a revisitation of the old debate 
about the roles of observation and theory in science. In our 
view, it is impossible to adopt a strictly descriptive procedure to 
name ichnotaxa. Understanding of the behavioral significance, 
which implies different degrees of interpretation, is necessary. 
Although there should be a conscious effort to focus on signifi- 
cant morphological details, there is no such a thing as a purely 
morphological classification. The ichnotaxonomic classification 
is permeated by our understanding of the ethology. 

We fully agree with Bromley (1996, p. 166) that “in the final 
analysis, it is the morphology of the trace as an expression of 
animal behaviour that is the basis of the name”. To decipher the 
behavior of the tracemaker, however, may be quite a difficult task. 
Very frequently, morphology in itself is considered sufficient to 
define new ichnotaxa, although its ethological meaning is hardly 
understood. Some morphological features can be objective in the 
sense of being observable and easily recognizable, and they may 
still not deserve any consideration at any ichnotaxonomic level. A 
drastic difference in morphology may actually provide evidence of 
extrinsic controls, such as the degree of substrate consolidation, 
rather than behavioral determinants (see Section 6.1.2). As noted 
by MacNaughton and Pickerill (1995), taphonomy may negatively 
impact on ichnotaxonomic precision. As quality of preservation 
decreases, ichnotaxonomic identifications become less reliable. In 
most cases, taphonomic overprint may artificially increase trace- 
fossil diversity, although poor preservation may occasionally 
induce lumping. These authors introduced the notion of tapho- 
series to refer to ichnotaxa that could potentially be mistaken 
for each other (see also MacNaughton and Pickerill, 2003). Only 
morphological characters that are known to reflect significant 
behavioral traits should be considered (see Section 2.3). 

Because ichnofossils are commonly preserved in situ, the rela- 
tionship established between burrowing organisms and their 
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host substrate is so intimate that both components cannot be 
studied in isolation. The degree of connection between biogenic 
structures and the substrate is such that even strict taxonomic 
studies of trace fossils should not be done without a proper 
analysis of the associated substrate and the idiosyncrasies of 
trace-fossil taphonomy. An accurate understanding of the 
environmental conditions under which a trace fossil is created 
should illuminate our understanding of the biogenic structure, 
even if those factors are not formally considered in the nomen- 
clature of trace fossils (Goldring et al., 1997). When this guide- 
line is not followed, ichnologists are forced to deal with a large 
number of poorly defined ichnotaxa whose actual relevance is 
doubtful. In contrast to standard body-fossil taxonomy, ichno- 
taxonomy cannot be performed on purely observable morpho- 
logical grounds. While morphology is observed, behavior must 
be inferred. The degree of behavioral inference varies with each 
particular case. For example, in the simplest case, there is almost 
a continuum from the morphological observation of clearly 
preserved ventral anatomic features to the interpretation of a 
trace as a resting structure (e.g. Mangano et al., 1997). However, 
analysis of most trace fossils requires a larger inferential jump, 
involving knowledge of a complex array of biological, tapho- 
nomic, and environmental determinants. 

Advantages of a dual nomenclature (i.e. two separate names 
for biotaxa and ichnotaxa) as well as the risks involved in the bio- 
taxonomic identification of the tracemaker have been stressed by 
Bromley ( 1 990, 1 996) and Bertling et al. (2006). Attempts to avoid 
this approach (e.g. Dzik, 2005) create a large number of problems 
and give the false impression that a particular trace fossil can 
be directly linked to a producer [e.g. Treptichnus (Mankyodes) 
rectangularis invariably to priapulids]. In most cases behavioral 
convergence rules out establishing a one-to-one relationship 
between a producer and a trace fossil (see Section 1.2.3). The 
idea of replacing ichnotaxonomic names with vernacular names, 
such as “a trail of a worm on the sediment surface” (Dzik, 2005, 
p. 519) is impractical and represents a step backwards in ich- 
nological practice and communicability. Besides, one is tempted 
to ask “Was the trail actually produced by a worm?” and “Was 
it really produced on the sediment surface?” In soft substrates, 
some arthropods can leave a smooth trail undistinguishable 
from a worm trail (Mangano et al., 1996a; Davis et al., 2007). In 
addition, very few trace fossils actually represent the work of an 
animal moving on the sediment surface (i.e. epigenic); most of 
them record infaunal activities (i.e. endogenic). 

Another complication results from the inclusion of the actual 
taxonomic identification of the tracemaker as an essential com- 
ponent of naming trace fossils (e.g. Hasiotis and Bown, 1992). 
In the same vein, introduction of an environmentally based ich- 
notaxonomy is problematic at best (Hasiotis and Bown, 1992; 
Hasiotis, 2002). As noted by Buatois et al. (1997a), if biological 
or sedimentological criteria are applied to ichnotaxonomy, it 
will be virtually impossible to escape from circular reasoning 
when using trace fossils as an aid to interpret ancient deposi- 
tional environments. If Isopodichnus is named simply because it 
is present in continental red beds, it is tricky to use its occurrence 



as an evidence of continental deposition. The establishment of 
parallel ichnotaxonomic systems for marine, transitional, and 
continental ichnology proposed by Hasiotis and Bown (1992, 
p. 71) creates further problems. It is hard to provide a rationale 
that supports the idea of the same crustacean burrow receiv- 
ing different names in brackish and fully marine settings. If 
we restrict Ophiomorpha for fully marine environments, which 
name do we have to use for the same decapod burrow emplaced 
in the landward side of the barrier island facing the brackish- 
water lagoon? Such a taxonomic system undercuts the infor- 
mation potential of trace fossils in sedimentology, stratigraphy, 
and paleoecology (Buatois et al., 1997a). 

Maintaining the dual nomenclature certainly does not imply 
that biology does not play a significant role in trace-fossil tax- 
onomy. We strongly advocate a more active role for biology in 
ichnotaxonomy. Biology provides the “blood” that enhghtens 
the functional-morphology analysis of trace fossils. Although the 
detailed biology of the producers may remain unknown, under- 
standing the bauplan and biological affinities of the tracemakers 
is essential. Constructional possibilities are determined by intrinsic 
biological factors and, therefore, should be helpful in evaluating the 
relative significance of behavioral traits as reflected by trace-fossil 
morphology (Mangano et al., 2002a). In this sense, the biology of 
the tracemaker ends up playing a role, albeit indirect, in trace-fossil 
taxonomy. An adequate ethological interpretation of a morpho- 
logical feature is impossible without this biological framework. 

2.2 SOME PROBLEMS AND PRACTICAL GUIDELINES 



The problems that the practicing ichnologists should face result 
both from historical contingencies, and the intrinsic nature of 
ichnofossils. Among the historic factors, a large number of ich- 
notaxa, some of those of widespread use, were introduced during 
the nineteenth century when trace fossils were still regarded either 
as animal or plant body fossils (the so-called Age of Fucoids; 
Osgood, 1975). In accordance, the original diagnosis and descrip- 
tions of some of the most representative ichnotaxa include a 
plethora of zoological and botanical terms to name the morpho- 
logical elements of these biogenic structures (D’Alessandro and 
Bromley, 1987; Bromley, 1990, 1996). Another historical peculiar- 
ity derives from the fact that the 1964 edition of the International 
Code of Zoological Nomenclature (ICZN) established that trace- 
fossil names defined after 1930 should be accompanied by a state- 
ment on the identification of the tracemakers. Because fulfilling 
that requisite was virtually impossible, in practice, post- 1930 ich- 
notaxa became unavailable marking the beginning of what has 
been referred to as the “Dark Age of Ichnotaxonomy” (Bromley, 
1990, 1996). Fortunately, most ichnologists decided to keep a rea- 
sonable degree of order and treated valid and invalid ichnotaxa 
in the same way (Hantzschel, 1975). The requirement of identi- 
fying the producer was subsequently eliminated and trace fossils 
are now bounded by the ICZN. 

In addition, ichnotaxa have been introduced frequently in a 
rather chaotic and careless way. Some ichnotaxa have been poorly 
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diagnosed or illustrated, based on scarce or fragmentary mater- 
ial, or insufficiently compared with similar forms. Taxonomic 
revisions are extremely useful, but usually cannot keep pace with 
newly introduced forms. Proliferation of new ichnotaxa based 
on superfluous features, characteristics of uncertain ethological 
significance, and poorly preserved or scarce specimens should be 
avoided. As noted by Bertling et al. (2006), trackways are par- 
ticularly problematic because they are commonly represented by 
blurred or morphologically deviating undertracks or overtracks. 
Accordingly, only complete tracks should be used as a basis for 
establishing an ichnotaxon (see also Minter et al., 2007a). 

If possible, ichnotaxa should be classified at ichnospecific level 
to avoid losing potential information (Pemberton and Frey, 1982). 
However, in some cases, the quality of preservation precludes 
ichnospecific assignments. In other cases, confusion persists with 
respect to which criteria should be adopted to classify certain 
ichnogenera at ichnospecific level (e.g. Zoophycos). Open nomen- 
clature (i.e. the use of “cf ”, “affi”, and “?”) may be used in some 
cases (Bertling et al., 2006). Detailed procedures for the establish- 
ment of new ichnotaxa were outlined by Pickerill (1994). 

The fact that trace fossils have their own peculiarities 
that mark significant departures with respect to body fossils 
(see Section 1.2) further complicates trace-fossil taxonomy. 
It is fair to say that ichnotaxonomy has all of the problems 
of body-fossil taxonomy plus their own. The ICZN estab- 
lished that only fossil specimens should be named, and this 
rule certainly prevents ichnologists dealing with a plethora 
of ichnotaxa based on recent examples that only have very 
minor chances of being preserved in the fossil record. One of 
the underlying reasons is that it is commonly assumed that 
modern traces can be assigned to their producers on a case- 
by-case basis. However, continuous attempts to capture the 
elusive Paleodictyon producer demonstrate that this is not 
always the case (Rona et al., 2009). Identification and collec- 
tion of modern traces, particularly those produced in uncon- 
solidated substrates, are commonly much more difficult than 
with fossil material. Trace fossils are usually enhanced by dia- 
genetic processes that assist in their recognition (Magwood, 
1992). Most important, many biogenic structures are in fact 
cumulative structures, which consist of both abandoned and 
active components (Bromley and Frey 1974). Casts of modern 
cumulative structures only reflect the morphology of the open 
components that are actively occupied by the producer, result- 
ing in a simpler pattern than the actual overall architecture 
(Frey 1975; Frey and Seilacher, 1980; Magwood, 1992). 

However, this ICZN regulation has its problems. Unlike body 
fossils, the boundary between recent and fossil traces may be, on 
occasion, quite uncertain (Bromley, 1990, 1996; Bertling et al., 
2006). For example, ambiguous situations result from the uncer- 
tain status of modern borings (which may be considered fossils 
as soon as their producers die) and from modern burrows exca- 
vated in Pleistocene sediments (Bertling et al., 2006). The fact 
that some modern traces are identical to well-established trace 
fossils has led some ichnologists to refer them to the correspond- 
ing ichnotaxa (e.g. Ekdale, 1980; Wetzel, 1984; Gaillard, 1988). 



Some authors prefer to follow the code and name the produ- 
cer in connection with the biogenic structure (e.g. burrows of 
Upogebia pugittensis) (Rindsberg, 1990a), while others opt for 
using the prefix “incipient” before the ichnotaxon (e.g. incipient 
Thalassinoides) (Bromley and Fiirsich, 1980). In short, although 
discrepancies exist with respect to dealing with modern biogenic 
structures, there is general agreement that ichnotaxa should not 
be constructed on the basis modern material (Bromley, 1990, 
1996; Magwood, 1992; Pickerill, 1994; Bertling et al., 2006). 

Another distinction, which may be occasionally problem- 
atic, is that between body fossils and trace fossils. For example, 
bivalve internal moulds (steinkerns) may be associated with the 
resting trace Lockeia. In other cases, ornamented bivalve rest- 
ing traces resembling body fossils are connected to the locomo- 
tion trace Protovirgularia. However, careful examination of the 
chevron orientation in Protovirgularia indicates that the animal 
exited the resting structure (e.g. Mangano et al., 1998). Albeit 
similar to body fossils, these structures should be regarded as 
trace fossils. Distinction between plug-shaped burrows and body 
fossils of cerianthid or actinarian anemones has been historic- 
ally problematic particularly with Ediacaran specimens (Jensen, 
2003; Seilacher et al., 2005). In particular, the ichnogenera 
Bergaueria may be difficult to distinguish from the body fossils 
Beltanellifomis and Beltanelloides (e.g. Crimes and Germs, 1 982; 
Fedonkin, 1985; Crimes, 1992; Crimes and Fedonkin, 1996; 
Jensen, 2003); and the ring-like structure Intrites has alternately 
been regarded as a trace fossil and a body fossil (Fedonkin, 
1985; Crimes, 1994; Gehling et al., 2000; Jensen, 2003). 

2.3 ICHNOTAXOBASES 



Bromley (1990, 1996) noted that very little has been written on 
the characters that should be used to classify trace fossils. In 
an attempt to shed light on these issues, he introduced the con- 
cept of ichnotaxobases. An ichnotaxobase is a distinctive mor- 
phological feature of a trace fossil that displays significant and 
readily detectable variability and, therefore, is commonly used 
in ichnotaxonomic classifications (Bromley, 1990, 1996; Buatois 
et ah, 2002a). Both requirements should be met. Morphological 
variability should reflect behavioral functions, therefore illu- 
minating our ethological interpretation of a trace fossil. 
Additionally, an ichnotaxobase should be easily detectable in 
the sense of allowing uncontroversial identification. Five main 
ichnotaxobases (general form, wall and lining, branching, fill, 
and presence or absence of spreite) are discussed here. It should 
be noted, however, that each of these ichnotaxobases cannot be 
applied to every group of trace fossils. Arthropod trackways, 
insect nests, and vertebrate burrows or trackways, commonly 
pose their own problems to the ichnotaxonomist. For example, 
Laza (2006) illustrated the significance of the presence and pos- 
ition of the small egg chamber with respect to the large provi- 
sion chamber in the taxonomy of dung-beetle nests. 

In theory, those features that relate to major behavioral aspects 
should be used to differentiate ichnogenera, while those of lower 
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significance should be applied for ichnospecies (Fiirsich, 1974; 
Pemberton and Frey, 1982; Bromley, 1990, 1996; Bertling et al., 
2006). In practice, to determine which characters are of main 
significance is not always straightforward. Characters that are 
rejected as useful ichnotaxobases are size, producer, type of 
passive fill, substrate consistency, geological age, geographic 
location, facies-environment, and any preservational aspect 
(Magwood, 1992; Pickerill, 1994; Bertling et al., 2006). The 
role of substrate as an ichnotaxobase remains controversial (see 
Section 2.7). Bertling et al. (2006) suggested keeping separate 
trace fossils formed in lithic, woody, and soft substrates regard- 
less of morphological similarity, but at the same time cautioned 
against naming a new ichnotaxon based solely on a difference in 
substrate (see also Carmona et al., 2007). Taphonomy also plays 
a major role because, unfortunately, potentially useful ichno- 
taxobases may, in some cases, have lower preservation potential. 

2.3.1 GENERAL FORM 

The general form of a trace fossil represents its basic morpho- 
logical plan and includes configuration, orientation, and pos- 
ition with respect to stratification (Pickerill, 1994) (Fig. 2.1a-c). 
Configuration is determined by the spatial arrangements of the 
trace components and reveals what is usually visualized, at first 
sight, as a whole (gestalt). Examples of descriptors for configur- 
ation are hexagonal networks (Paleodictyon), meandering traces 
displaying two orders of meanders (Cosmorhaphe), and simple 
sinusoidal trails (Cochlichnus). In these examples, ichnogeneric 
classification is based essentially on their distinctive configuration. 
Orientation (e.g. vertical, inclined, or horizontal), and position 
with respect to stratification or toponomy (e.g. positive hypore- 
liefs and negative epireliefs; see Section 1.3.1) are also first-order 
ichnotaxobases that help to classify biogenic structures at the ich- 
nogeneric level. For example, RhizocoralUum and Diplocraterion 
share the same configuration (i.e. U-shaped burrows), but differ 
in their orientation, predominantly horizontal for the former and 
vertical for the latter. Other structures are essentially similar with 



respect to their basic configuration and orientation, but differ in 
stratal position. Examples are some horizontal bilobate trails, 
such as Didymaulichnus (positive hyporelief) and Gyrochorte 
(positive epirelief). In this case, stratal position reflects a com- 
pletely different mode of construction. Although size may influ- 
ence our perception of a structure, it should not be considered 
as a first-rank character, and is certainly a weak ichnotaxobase. 
However, size has been used in some cases to differentiate ich- 
nospecies substantiated by significant statistical analysis, as illus- 
trated with Paleodictyon (Uchman, 1995). Ontogenetic variations 
should be carefully evaluated (Pickerill, 1994). Bertling et al. 
(2006) expressed their reluctance to use size at the ichnospecies 
rank, and totally reject it at higher ranks. 

2.3.2 WALL AND LINING 

Bioturbation results in changes in the sediment and forma- 
tion of burrow mottlings and discrete structures with differ- 
ent degrees of definition, depending on their function and 
substrate consistency. For example, a trace that serves as a 
semipermanent domicile implies certain constructional traits 
(e.g. burrow lining) that are not present in a trace that reflects 
a simple incursion through the sediment by a vagile organism 
(intrusion sensu Bromley, 1990, 1996). In particular, details on 
burrow walls can reveal significant information on trophic type, 
burrowing technique, and biological affinity (Bromley, 1990, 
1996; Ekdale and Gibert, 2010). However, some aspects of the 
burrow wall lack ichnotaxonomic significance. Although dia- 
genetic haloes may be rather spectacular, they are related to the 
diagenetic history of the structure rather than animal behavior 
(Bromley, 1990, 1996). In contrast, more subtle constructional 
features of burrow walls serve as ichnotaxobases. 

Two main components are represented in a wall, internal lin- 
ing and external deformation in the host sediment (Bromley, 
1990, 1996). This author recognized seven main types of walls 
based on linings, ornamentation, and manipulation of sediment 
by the organism (Box 2.1): unlined walls (Fig. 2.2a), dust films 




Figure 2.1 Examples of general form, 
illustrating combinations of configur- 
ation, orientation, and preservation (a) 
//e/mmtiior/2a/7/ieisp.,horizontalguided 
meanders preserved as positive hypore- 
lief Eocene, Hecho Group, Huesca, 
Spanish Pyrenees. See Uchman (2001). 
(b) Gyrochorte isp, horizontal biblo- 
bate trail preserved as positive epire- 
lief Upper Cretaceous, Kennilworth 
Member, Blackhawk Formation, 
south entrance to Tusher Canyon, 
Book Cliffs, Utah, United States, (c) 
Gyrolithes isp. Lower Miocene, contact 
between the Lower Freshwater Molasse 
and the Upper Marine Molasse, BCobel, 
St. Gallen area, Switzerland. See Heer 
(1865) and Wetzel et al. (2010). Scale 
bars are 1 cm. 
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Figure 2.2 Types of walls, (a) 
Unlined wall in PlanoUtes mon- 
tanus. Upper Carboniferous, El 
Cobre Canyon Formation, El Cobre 
Canyon, New Mexico, United 
States. Coin is 1.9 cm. (b) Thin 
dust film in Palaeophycus tubularis. 
Permian, De la Cuesta Formation, 
Los Colorados de Patquia, La 
Rioja Province, western Argentina. 
Scale bar is 1 cm. See Buatois and 
Mangano (2004a). (c) Thick dust 
film in Schauhcylindrichnus coronus. 
Upper Cretaceous, Panther Tongue 
Member, Star Point Formation, 
Kennilworth Wash, Book Cliffs, 
Utah, United States. Scale bar is 1 cm. 
(d) Constructional lining with pellets 
arranged in transverse rows forming 
relatively continuous rings or annu- 
lations in Ophiomorpha annulata. 
Upper Miocene to Lower Pliocene, 
La Vela Formation, Quebrada el 
Muaco, La Vela de Coro, north- 
western Venezuela. Scale bar is 
1 cm. (e) Constructional lining with 
bilobate pellets in Ophiomorpha 
borneensis. Lower to Middle 
Miocene, Caiman Formation, 
Bryn Gwyn Paleontological Park, 
Chubut Province, Patagonia, south- 
ern Argentina. Scale bar is 1 cm. 
See Scasso and Bellosi (2004). (f) 
Constructional lining with orbit- 
oid forams. Middle Eocene, Punta 
Carnero Formation, Airport, 
Margarita Island, Venezuela. Lens 
cap is 5.5 cm. (g) Constructional lin- 
ing with shell material in a modern 
Diopatra cuprea. Gower Peninsula, 
Wales. Scale bar is 1 cm. (h) Zoned fill 
characterized by a pale mantle sur- 
rounding a dark core in Phycosiphon 
incertum. Lower Jurassic, Plover 
Formation, Sunrise-Troubadour 

Field, East Timor Sea, northern Australia. Scale bar is 1 cm. (i) Diagenetic oxidation haloes in Skolithos linearis forming a pipe rock. Lower to Middle 
Cambrian, Campanario Formation, Meson Group, Maimara, northwest Argentina. Scale bar is 10 cm. See Mangano and Buatois (2004b). (j) Wall 
ornament of Fuersichnus striatus characterized by a powerful bioglyph. Upper Cretaceous, Hidden Lake Formation, Brandy Bay, James Ross Island, 
Antarctica. Scale bar is 1 cm. See Buatois (1995). 



(Fig. 2.2b-c), constructional linings (Fig. 2.2d-g), zoned fills 
(Fig. 2.2h), wall compaction, diagenetic haloes (Fig. 2.2i), and 
wall ornament (Fig. 2.2J). Bioglyphs, engravings in the orna- 
mented walls of burrows or borings, result from various activ- 
ities of the tracemaker, including scratching, drilling, plucking, 
gnawing, poking, and etching (Ekdale and Gibert, 2010). 
Bertling et al. (2006) noted that surface features (sculpture) 
usually play a secondary role, and are diagnostic mostly at the 
ichnospecific level. Flowever, surface features and micromor- 
phological characters may be of higher ichnotaxonomic signifi- 
cance in insect nests (Genise and Flazeldine, 1998; Cosarinsky, 
2003; Genise, 2004). 



2.3.3 BRANCHING 

Presence and type of branching are commonly first-rank ichno- 
taxobases. Three main types of branching are recognized: second- 
ary successive, primary successive, and simultaneous (Bromley 
and Frey, 1974; D’Alessandro and Bromley, 1987; Bromley, 
1990, 1996). The so-called “false branching” simply consists 
of overlap between two specimens giving the false impression 
of branching. Secondary successive branching results from an 
animal that revisits a previously formed structure (Fig. 2.3a). 
Primary successive branching is a cumulative structure formed 
by successive probings and implies a series of movements by 
the producer, such as rotating and moving back and forth 
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Box 2.1 Types of wall 

Seven main types of walls are commonly recognized; 

• Unlined walls: The burrow fill abuts against the enclosing sediment at a clean discontinuity surface (Fig. 2.2a). 

Examples: Planolites, Taenidium. 

• Dust films: The burrow is lined with mucus, introducing dust that adheres on the wall. Linings may be thin (Fig. 2.2b) to 
thick (Fig. 2.2c). Examples: Palaeophycus, Schaubcylindrichnus. 

• Constructional linings: The burrow wall is constructed with sediment and special grains. Building materials include sedi- 
ment pellets of various shapes (Fig. 2.2d-e) and shell fragments (Fig. 2.2f-g). Examples: Ophiomorpha, Diopatrichnus. 

• Zoned fills: The apparent burrow lining is in fact the outermost layer of a concentrically zoned fill resulting from deposit 
feeding (Fig. 2.2h). Examples: Ancorichnus, Phycosiphon. 

• Wall compaction: The wall is bounded by an external zone showing disturbance as a result of burrowing. 

• Diagenetic haloes: The burrow wall has been affected by special diagenesis, enhancing visibility of the structure (Fig. 2.2i). 
Examples: Bathichnus, some specimens of Thalassinoides and Skolithos. 

• Wall ornament: Walls are characterized by bioglyphs (Fig. 2.2j). Examples: Spongeliomorpha, Scoyenia. 

Reference: Bromley (1990, 1996). 




Figure 2.3 Types of branching (a) 
Secondary successive branching. 
Taenidium isp. Upper Cretaceous, 
Santa Marta Formation, Santa Marta 
Cove, James Ross Island, Antarctica. 
Scale bar is 1 cm. See Scasso et 
al. (1991). (b) Primary successive 
branching. Chondrites arbuscula. 
Upper Cretaceous, Rhenodanubian 
Flysch, Voralpen, Austria. Scale 
bar is 1 cm. See Uchman (1999). (c) 
Simultaneous branching. Burrow 
systems assigned to the ichnospe- 
cies Thalassinoides siievicus. Upper 
Jurassic, Coralline Oolite Formation, 
Filey Brigg, North Yorkshire Coast, 
England. Person for a scale on the 
lower right. See Fiirsich (1972). 



(Fig. 2.3b). Simultaneous branching is represented by open 
passages in permanent or semipermanent domiciles, such as in 
galleries constructed by crustaceans (Fig. 2.3c). 

2.3.4 FILL 

Fills can be classified into two main categories: passive and active 
(Box 2.2). Such distinction, and the type of active fill are first-rank 



ichnotaxobases because they reveal information on trophic types 
and feeding strategies. On the other hand, the type of passive fill 
may provide sedimentological and sequence-stratigraphical infor- 
mation (see Section 12.2) rather than ethology and, therefore, 
should not be used as an ichnotaxobase (Bromley, 1990, 1996). 

Passive fill results from material entering the burrow gravi- 
tationally, and mostly characterizes the dwelling structures of 
suspension feeders and predators. Different types of passive 
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Box 2.2 Types of burrow fill 

Passive and active fill are the two major categories of burrow fill. While passive fill enters the burrow gravitationally, active fill 

is emplaced by the burrower. In turn, these two major categories are subdivided into many other types. 

• Passive massive fill similar to the host sediment: Material from the host sediment is introduced gravitationally into the bur- 
row (Fig. 2.4a). It is a common type of burrow fill in open gallery systems. Example: Palaeophycus. 

• Passive massive fill contrasting with the host sediment: Material from an overlying layer, typically coarser-grained, is intro- 
duced gravitationally into the burrow (Fig. 2.4b). This is also known as bed-junction preservation (Simpson, 1957) (see 
Section 1.3.1). It is typical of open burrows formed at discontinuity surfaces. Example: Firmground Thalassinoides. 

• Passive laminated fills: Eamination results from sedimentation within the burrow (Fig. 2.4c). An example of passive 
laminated fills is tubular tidalites, which consist of rhythmically bedded alternating layers of fine-grained and coarse-grained 
laminae deposited within open burrows resulting from tidal action (Gingras, 2008). Examples: Thalassinoides, Ophiomorpha. 

• Draught fill canals: Laminated fill in open burrows having a narrow entrance (Seilacher, 1968) (Fig. 2.4d). The narrow 
draught canal may be confused with a burrow itself reworking the fill of the larger. Example: Thalassinoides. 

• Irregularly concentric fills: Intermediate between passive and active because the structure results from gravitation, and 
sediment manipulation by the animal (Goldring, 1996). 

• Active massive fill: Structureless fill typically contrasting with the host sediment, resulting from mechanical manipulation 
or ingestion (Fig. 2.4e). It may be pelleted. Examples: Planolites, Macaronichnus. 

• Active meniscate fill: Fill forming a characteristic structure, commonly packed as backfill meniscae, resulting from 
mechanic manipulation or ingestion (Fig. 2.41). Examples: Scolicia, Taenidium. 

• Active concentric fill: (both simple or multiple): Burrow fill formed by concentric alternating layers of contrasting material 
(Fig. 2.4g). Examples: Rosselia, Cylindrichnus, Asterosoma. 

Reference: Bromley (1990, 1996). 



fills are recognized, including massive fills similar to the host 
sediment (Fig. 2.4a), massive fills contrasting with the host 
sediment (Fig. 2.4b), laminated fills (Fig. 2.4c), and draught 
fill canals (Fig. 2.4d) (Seilacher, 1968; Bromley, 1990, 1996; 
Goldring, 1996; Buatois et al., 2002a). Irregularly concentric 
fills are intermediate between passive and active because the 
structure results from gravitation and sediment manipulation 
by the animal (Goldring, 1996). 

Active fill implies active manipulation of material by the ani- 
mal, and commonly results in lithological contrasts between the 
trace and the host sediment. Most commonly, active fill is pro- 
duced by deposit and detritus feeders. Different types of active 
infill include massive fill (Fig. 2.4e), meniscate fill (resulting 
from mechanic manipulation or ingestion) (Fig. 2.4f), and con- 
centric (both simple or multiple) (Fig. 2.4g). 

2.3.5 SPREITE 

Spreite refers to a lamination that results from closely spaced 
successive tunnel walls formed by the lateral shifting of a bur- 
row (Bromley, 1990, 1996). Presence of spreite reveals either the 
ability of an animal to adjust its burrow as a response to instabil- 
ity at the sediment-water interface or to actively mine in search 
for food (Figs. 2.5, 2.6a-b, and 2.7). Its presence is useful as an 
ichnogeneric ichnotaxobase. The classic example is the distinc- 
tion between the U-shaped burrows Diplocraterion (with spreite) 
(Fig. 2.6a) and Arenicolites (without spreite) (Fig. 2.6b). 

Two types of spreite are recognized, protrusive and retrusive. 
Protrusive spreite is formed due to distalward movements (i.e. 



away from the apertures), while retrusive spreite is produced by 
proximalward movements (i.e. toward the apertures) (Bromley, 
1990, 1996) (Fig. 2.5). Careful analysis of the spreite may be useful 
in ichnotaxonomy of feeding structures (Fig. 2.7) both at ichno- 
generic (e.g. Lophoctenium, Zoophycos, Teichichnus, Phycosiphon, 
and Oldhamia) and ichnospecific (Oldhamia alata and O. genicu- 
lata) levels. However, the type of spreite is of no use at all for 
the ichnotaxonomy of equilibrium traces. In this latter case, a 
retrusive spreite reflects upward burrow migration as a response 
to increased sedimentation rate, while a protrusive spreite records 
downward burrow migration resulting from decreased sedimen- 
tation or slight erosion. Although of use for paleoenvironmental 
reconstructions (Goldring, 1964), its value in ichnotaxonomy is 
limited in this situation (Bromley, 1990, 1996). 

2.4 COMPOUND AND COMPOSITE TRACE EOSSILS 



2.4.1 COMPOUND TRACE FOSSILS 

Another peculiarity of trace-fossil taxonomy is the presence of 
compound and composite trace fossils (Pickerill, 1994; Pickerill 
and Narbonne, 1995). Compound trace fossils result from the 
changing behavior of a single producer, and can represent 
two different situations: successive or simultaneous formation 
(Bertling et ah, 2006) (Fig. 2.8). More commonly, the trace- 
maker behaves in distinct ways in chronological order, compris- 
ing intergradations of one ichnotaxon into another one either at 
ichnogeneric or ichnospecific level (see Section 1 .2.2). The typ- 
ical example is the transition between locomotion and resting 
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Figure 2.4 Different types of burrow 
fills, (a) Passive massive fill similar to 
the host sediment in Palaeophycus 
tuhularis. Upper Cambrian, Pico 
de Halcon Member, Santa Rosita 
Formation, Quebrada del Salto Alto, 
Purmamarca, northwest Argentina. 
Scale bar is 1 cm. See Mangano 
et al. (1996b). (b) Passive massive fill 
contrasting with the host sediment in 
firmground Thalassinoides. Contact 
between the Upper Cretaceous 
Burguita Formation and the Middle 
Eocene Gobernador Formation, 
Caipe Field, Barinas Basin, western 
Venezuela. Core width is 8 cm. (c) 
Passive laminated fill in Ophiomorpha 
nodosa. Cretaceous, Quinquina 
Formation, Cocholgiie, Chile. Scale 
bar is 1 cm. See Buatois and Encinas 
(201 l).(d) Thalassinoides. suevicus With 
draught fill canal Upper Cretaceous, 
Gramame Formation, Poty Quarry, 
northeast of Olinda, northeast Brazil. 
Lens cap is 5.5 cm. (e) Active massive 
fill illustrated by Planolites beverleyen- 
.sis. Upper Carboniferous, Malanzan 
Formation, Cuestita de la Flerradura, 
La Rioja Province, western Argentina. 
Scale bar is 1 cm. See Buatois and 
Mangano (1995a). (f) Active menis- 
cate fill resulting from ingestion in 
Scolicia isp Lower Miocene, Chenque 
Formation, Playa Las Cuevas, near 
Comodoro Rivadavia, Patagonia, 
southern Argentina. Scale bar is 
1 cm. See Carmona et al. (2008). 
(g) Active multiple concentric fill 
in Asterosoma isp. Lower Miocene, 
Oficina Formation, Oritupano field. 
Eastern Venezuela Basin. Scale bar 
is 1 cm. 



traces, such as trilobite locomotion traces (Cruziana) and resting 
traces (Rusophycus) (Crimes, 1970a; Mangano etal., 1996b), and 
bivalve loeomotion traces (Protovirgularia) and resting traces 
(Lockeia) (Mangano et al., 1998). Other ethological categories 
may be involved, sueh as transitions between the echinoid graz- 
ing trace Scolicia and its resting counterpart Cardioichnus (Smith 
and Crimes, 1983) (Fig. 2.8). In other instances, intergradations 
may occur within an ethological category as illustrated by crust- 
acean dwelling burrows, such as Ophiomorpha, Thalassinoides, 
and Gyrolithes (Bromley and Frey, 1974; Muiiiz et al., 1995). 
Typical examples at ichnospecific and ichnosubspecies levels are 
shown by transitions between trilobite trace fossils, such as C. 
rugosa furcifera and C. rugosa rugosa. 

Bertling et al. (2006) noted that these compound structures 
pose two problems in ichnotaxonomy if methods of biologi- 
cal taxonomy are applied: (1) an exceptional intergradation 
of ichnotaxa that are normally found separately would imply 



synonymization in all other occurrences, leading to invalidation 
of at least one established ichnotaxon, and (2) if the constitu- 
ents of a normally compound ichnotaxon are found separately, 
they would have to be named differently, as they form dis- 
crete trace fossils. However, following procedures of biologi- 
cal taxonomy is not advisable here. The standard practice with 
compound specimens is to name the whole structure for its pre- 
dominant component, taking careful note of the intergrada- 
tions (Pickerill, 1994; Pickerill and Narbonne, 1995). 

Another situation results when the producer may simultane- 
ously behave in various distinct ways. For example, Bromley 
et al. (2003) documented the trace fossil of a bivalve that used 
its foot to dig into the substrate and its siphons to collect food. 
A collective name, Hillichnus, was given in this case (Fig. 2.8). 
Most of these simultaneously produced compound trace fos- 
sils are complex trace fossils {sensu Miller, 1998, 2002, 2003) 
(see Section 1.4.15). However, not all complex trace fossils are 
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Figure 2.5 Types of spreite. In equilib- 
rium structures the spreite reveals the 
ability of an animal to adjust its burrow 
as a response to instability at the sedi- 
ment-water interface, while in feeding 
structures the spreite reflects an organism 
actively mining in search for food. 




Figure 2.6 Use of spreite to differ- 
entiate U-shaped trace fossils, (a) 
Spreite in Diplocraterion parallelum. 
Lower Cambrian, Dividalen Group, 
Imobekken, northern Norway. See 
Bromley and Hanken (1991). (b) 
Absence of spreite in Arenicolites. 
Lower to Middle Cambrian, Hanneh 
Member, Burj Formation, Dead Sea, 
Jordan. Scale bars are 1 cm. 



compound structures, because although more than one behav- 
ior is involved, discrete eomponents cannot be identified, and 
some behaviors may not be strictly simultaneous. Bertling et 
al. (2006) stated that if these compound superstructures mir- 
ror a recurrent pattern of behavior, then they deserve their own 
name, as illustrated by Hillichnus. 

2.4.2 COMPOSITE TRACE EOSSILS 

Composite trace fossils apparently comprise a single system, but 
actually result from the interpenetration of discrete ichnotaxa 



(Piekerill, 1994; Pickerill and Narbonne, 1995) (see Section 
1.2.4) (Fig. 2.8). A typical example is a structure that was 
referred to as Mixoteichichnus by Muller (1966), but that, in fact, 
consists of a specimen of Teichichnus intersected by Planolites 
(Pemberton and Frey, 1982). Common examples are discrete 
feeding or dwelling traces (e.g. Thalassinoides, Diplocraterion, 
Gyrolithes, and Cladichnus) that are reworked by Chondrites or 
Phycosiphon (e.g. Bromley and Frey, 1974; Ekdale and Bromley, 
1991; Buatois and Mangano, 1992) (Fig. 2.8). In some eases, 
a high concentration of traee fossils reworking a burrow helps 
to delineate the previously emplaced structure (“phantom” 
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Figure 2.7 Feeding spreite in long 
specimens of Rhizocorallium irre- 
gulare. Upper Jurassic, Lastres 
Formation, cliffs west of Playa 
de Espana, Quintes, Villaviciosa, 
Asturias, northern Spain. Scale bar 
is 5 cm. 



Compound staictures 



Composite structures 



Successive Simultaneous 




Figure 2.8. Examples of compound (successive and simultaneous) and composite trace fossils. 



burrow) that otherwise would have remained undetected. Wood 
fragments with Teredolites enclosing sand-lined tubes produced 
by sabellariid polychaetes represent another example (Miller, 
1996). The feeding trace Piscichnus excavated by rays, and 
reworked by polychaetes (producers of Macaronichnus) also 
illustrates a composite structure (Kotake, 2007). In the realm 
of paleosol insect trace fossils, composite structures seem to be 
very common as illustrated by beetle nests (Monesichnus ameg- 
hinoi) that have been reworked by cleptoparasites, which in turn 
produced open galleries (Genise and Laza, 1998). Composite 
structures should not be named as a whole. Rather, discrete 
components should be named separately (Pickerill, 1994; 
Pickerill and Narbonne, 1995; Bertling et ah, 2006). 

2.5 HIERARCHIES IN ICHNOTAXONOMY 



Although trace fossils are different from body fossils, the clas- 
sical binominal scheme has been adopted. In contrast to body 



fossils, however, the terms ichnogenera (ichnogen. or igen.) and 
ichnospecies (ichnosp. or isp.) are used to make clear that the 
entity is a trace fossil rather than a body fossil. Traditionally 
ichnologists have treated trace fossils at these two main hier- 
archical levels. However, in recent years, it has become increas- 
ingly clear that additional categories may be of use (Buatois et 
al, 2002a) and a growing consensus is building in support of 
their importance (Bertling et al., 2006). In fact, ichnofamilies 
are formally accepted by ICZN (1999, Art. 10.3), and some 
have been proposed since the end of the nineteenth century 
(e.g. Chondriteae, Rhizocorallidae, and Arenicolitidae) based 
on morphology, albeit with limited ethological insights (e.g. 
Schimper and Schenk, 1890; Fuchs 1895, 1909). More recently, 
new ichnofamilies have been suggested (e.g. Walter, 1983; Fu, 
1991; Seilacher and Seilacher, 1994; Genise, 2000, 2004). 

Bromley (1996) noted that three main criteria have been 
used to group trace fossils in ichnofamilies: a common pro- 
ducer at high taxonomic level (e.g. Pelecypodichnia), mor- 
phological similarities based on anatomy of the producers 
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(e.g. Multipodichnia), and functional similarities based on 
morphology (e.g. Alectoruridae). The present consensus is 
that ichnofamilies should be based on trace-fossil morph- 
ology, not on the biology of the potential producer (Bertling 
et al., 2006). As indicated by Buatois et al. (2002a), the present 
challenge is to define ichnofamilies based on a common set 
of morphological traits of functional significance that allow 
links to be established among trace fossils related on con- 
structional grounds, regardless of phylogenetic relationships 
(Buatois et al., 2002a). Bertling et al. (2006) noted that many 
of the morphological groups of flysch ichnotaxa recognized 
by Ksiqzkiewicz (1977) and Uchman (1995, 1998) could be 
formalized as ichnofamilies. 

On the other side of the taxonomic spectrum, ichnosub- 
genera and ichnosubspecies are allowed in trace-fossil tax- 
onomy, but have been rarely used, particularly the former 
(Rindsberg 1990a). However, ichnosubspecies have been 
occasionally employed, and may be advisable in certain 
cases. For example, Mangano and Buatois (2003a) treated 
the components of the so-called Cruziana rugosa group as 
ichnosubspecies (C. rugosa rugosa, C. rugosa furcifera, and 
C. rugosa goldfussi), following a suggestion by Seilacher 
(1996). They noted that although these ichnotaxa are mor- 
phologically distinct, they are best regarded as ethological 
variations at the ichnosubspecies level rather than at the 
ichnospecies level. This scheme reflects more adequately the 
fact that differences among these ichnosubspecies are less 
significant than those between them and other Cruziana 
ichnospecies (e.g. C. semiplicata). Ichnosubspecies have 
been also suggested for some Arthrophycus ichnospecies 
(Seilacher, 2000). 

2.6 VERTEBRATE ICHNOTAXONOMY 



The relationship between vertebrate and invertebrate ichnol- 
ogy is one of the present hot topics in ichnology (e.g. Melchor 
and Genise, 2004a, b; Hunt and Lucas, 2007; Lockley, 2007; 
Lucas, 2007; Minter et al., 2007a). Central to this debate is the 
idea of unity or disunity of ichnology with respect to concepts 
and methods. In practical terms, invertebrate and vertebrate 
ichnology developed independently, to a large extent (Lockley, 
2007). Ichnology textbooks tend to cover either one topic or 
the other, and only rarely (e.g. Ichnia 2004 and 2008) vertebrate 
and invertebrate ichnologists gather together in the same scien- 
tific meetings. One of the central issues is how to keep a balance 
between unification of the ichnological field on one side, while 
giving enough room for diversity of approaches on the other. 
While some authors favor “one ichnology” (e.g. Melchor and 
Genise, 2004a, b), others regard this as a nice, but impractical, 
idea (Lockley, 2007). 

Ichnotaxonomic problems are at the core of this topic. Hunt 
and Lucas (2007) noted that invertebrate ichnologists mostly 
use an ethological approach, while vertebrate ichnologists 
favor a biotaxonomic approach. In other words, the focus of 



invertebrate ichnology is in classifying biogenic structures based 
on the ethological significance of their morphology, while verte- 
brate ichnologists attempt to relate traces to their producers. The 
word “mostly” in this context means that these two approaches 
work essentially as end members with some groups of trace fos- 
sils occupying an intermediate position (e.g. arthropod track- 
ways and insect traces in paleosols). However, Minter et al. 
(2007a) noted that the field of vertebrate ichnology also uses an 
ethological approach because the same ichnotaxonomic name 
should not be assigned to a burrow and a trackway produced 
by the same vertebrate, or to a resting trace and a trackway also 
sharing the producer. In this regard, at least theoretically, verte- 
brate and invertebrate ichnology do not seem to be so far apart. 
More controversial gray zones include trackways produced by 
the same animal, but reflecting a change in speed. In any case, 
this is also a contentious issue with arthropod trackways (e.g. 
Braddy, 1995), so it is a problem inherent to trackways not 
strictly to vertebrate traces. 

However, in practical terms the problem persists because the 
vast majority of vertebrate traces identified in the fossil record 
are trackways and, therefore, locomotion is the main behav- 
ior involved. Lockley (2007) specifically raised the question of 
whether it is reasonable to apply the same conventions and 
expectations of invertebrate ichnotaxonomy to vertebrates. 
The morphology of a footprint is determined not only by 
the structure of the foot of the producer but also by foot- 
substrate interaction, the latter resulting in extramorpho- 
logical variation (Lucas, 2007). Haubold (1996) proposed the 
name phantom taxa for tetrapod footprint taxa based on such 
extramorphological variation, while Lucas (2001) suggested 
the name taphotaxon for a taxon based on distinctive morpho- 
logical features that result from taphonomic processes, noting 
that this situation is more common with trace fossils than 
with body fossils. There is consensus among vertebrate ich- 
nologists that extramorphological features should not be used 
in ichnotaxonomy, and it has been argued that this may be a 
problem with most taxa defined at ichnospecific level (Lucas, 
2007). Assuming that the vast proportion of vertebrate trace 
fossils record locomotion, it is hard to see how a completely 
morpho-ethological system can be applied in practice to verte- 
brate ichnotaxonomy. 

Carrano and Wilson (2001) summarized the main methods 
employed by vertebrate ichnologists to relate tracks to their 
producers. These authors noted that the three main approaches 
that have been employed are phenetic correlation, coincidence 
correlation, and synapomorphy-based correlation. Phenetic 
correlation is the standard method, and is based on the similar- 
ity between the track and the foot skeleton. Coincidence correl- 
ation uses information other than morphology (e.g. geological 
age, geographic provenance, or local faunal composition) to 
establish the link between track and producer. Synapomorphy- 
based correlation applies cladistic methods to classify trackways 
assigning ichnotaxa to biological taxa using shared derived 
characters. Although Carrano and Wilson (2001) favored this 
latter approach, Lucas (2007) raised some doubts about the 



Taxonomy of trace fossils 36 



benefits of applying synapomorphy-based correlation instead 
of the more standard phenetic correlation. Coincidence correl- 
ation, although useful in the search of potential tracemakers, 
should not be used as a taxonomic criterion because it may lead 
to circular reasoning (see Section 2.1). The challenge in verte- 
brate ichnotaxonomy seems to be to formulate ichnotaxobases 
based on morphology, which allows the establishment of ichno- 
taxa at different hierarchical levels avoiding circular reasoning. 

2.7 THE UNCERTAINTY PRINCIPLE IN 
ICHNOTAXONOMY 



Since its original formulation by Werner Heisenberg, physicists 
have been forced to deal with the uncertainty principle, which 
establishes that certain pairs of physical properties of an elec- 
tron, such as position and momentum, cannot simultaneously 
be known. Perhaps ichnologists may be allowed to play with an 
analogy in ichnotaxonomy. No matter how hard we try, it seems 
that we cannot establish an ichnotaxonomic system that simul- 
taneously fulfills the following requirements: (1) internal con- 
sistency and (2) applicability. The search for internal consistency 
is desirable, but occasionally the system may lose applicability if 
consistency is pushed too far. 

There is general consensus that ichnotaxonomic classifica- 
tions should be based on intrinsic properties of trace fossils 
that are of enough ethological significance. Accordingly, extrin- 
sic parameters, such as stratigraphic age, facies, or geographic 
location, play no direct role. However, this sharp boundary 
gets blurred when substrate is addressed. It seems that sub- 
strate in itself cannot be considered an ichnotaxobase because 
of its extrinsic character, although it is the behavior that results 
from the influence of substrate that is at play. In any case, sub- 
strate plays an indirect role in naming trace fossils, essentially 
in the same way that the biology of the producer influences 
behavior (see Section 2.1). Regardless of this, substrate has 
been historically considered significant enough to form the 
basis on which ichnotaxa are established; vertical burrows in 
sediment are called Skolithos while vertical borings in lithified 
substrates are called Trypanites. These problems were raised by 
Ekdale and Bromley (2001b) when defining the ichnospecies 
Gastrochaenolites oelandicus because some of their specimens 
seem to be borings and some burrows. Carmona et al. (2007) 
noted that Miocene specimens of Gastrochaenolites ornatus 
formed in firmgrounds were identical to G. ornatus produced in 
hardgrounds. Accordingly, these authors concluded that using 
substrate as an ichnotaxobase in this case would be artificial 
and misleading. Substrate may qualify as a high-rank ichno- 
taxobase when morphology reflects distinct ways of organism- 
substrate interactions, but when the same organism is able to 
excavate and bore, and the excavation technique is identical to 
the mechanical perforation technique, the validity of the sub- 
strate vanishes (Carmona et al., 2007). 

There is widespread agreement that general form is a high- 
rank ichnotaxobase. Accordingly, some authors (Fiirsich, 1973; 



Schlirf, 2000) have suggested that general form should be used 
to classify crustacean burrow systems, such as Ophiomorpha, 
Thalassinoides, and Spongeliomorpha, ichnogenera that at pre- 
sent are distinguished on the basis of the nature of burrow 
wall, a character of lesser significance. If this view is adopted, 
then the ichnogenera Thalassinoides and Ophiomorpha should 
become junior synonyms of Spongeliomorpha, which is the 
oldest available name. It is undeniable that this approach aims 
for internal consistency in ichnotaxonomy. However, it has 
been met with little acceptance (e.g. Bromley and Frey, 1974; 
Bromley, 1990, 1996; Carmona and Buatois, 2003). Besides 
other possible reasons to keep the three ichnogenera, reluctance 
to abandon Thalassinoides and Ophiomorpha, two ichnotaxa 
firmly entrenched in the literature and of widespread recogni- 
tion in outcrop and cores, undoubtedly plays a huge role. 

2.8 CLASSIFICATION OF TRACE FOSSILS IN 
OUTCROPS AND CORES 



Outcrops and cores are two very different realms and comparison 
of ichnological information may represent a challenge (Bromley, 
1 990, 1 996). However, in the same way that sedimentological obser- 
vations in outcrops should be integrated with core data in order to 
produce more accurate depositional models, subsurface and sur- 
face ichnological information should be evaluated using similar 
criteria and ichnotaxonomic standards. With an increasing recog- 
nition that ichnological information is of paramount importance 
in petroleum exploration and reservoir characterization, studies 
addressing trace fossils in cores have become common practice, 
and a series of atlases has been published (e.g. Chamberlain, 
1978; Pemberton et al., 1992c, 2001; Gerard and Bromley, 2008). 
Commonly, trace fossils in cores are classified at ichnogeneric level 
(e.g. Ekdale, 1977). However, in many other cases ichnospecific 
assessments are possible when dealing with ichnogenera whose 
ichnospecies are classified according to features that are easy to 
detect in cores, such as the type of burrow wall in some ichnospe- 
cies of Ophiomorpha (Bromley, 1990, 1996). 

The fact that ichnologists working with cores have to deal 
with narrow two-dimensional views represents a departure 
with respect to the study of trace fossils in outcrops. As noted 
by Gerard and Bromley (2008), the probability of a single bur- 
row being detected is related to its orientation, its size, and the 
core diameter. Some of these peculiarities pose a problem, but 
others may represent an advantage. Some ichnotaxa that are 
easily identified in outcrops may be impossible to recognize 
in cores. Biogenic structures preserved in semirelief, such as 
graphoglyptids, locomotion traces (e.g. trackways), and shal- 
low grazing trails, fall into this category. These structures are 
revealed along bedding planes in outcrops. On the other hand, 
full relief ichnofossils, such as endichnial feeding and dwelling 
traces, are easy to visualize in cores. Furthermore, cores com- 
monly reveal subtle details of burrow boundaries that may be 
overlooked in outcrops, as illustrated by haloes in Phycosiphon. 
The lack of weathering in cores is particularly helpful to 
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examine biogenic structures in mudstone. In outcrops, where 
sandstone interbeds are absent in fine-grained successions, it 
is often difficult to evaluate the ichnological content. On the 
other hand, discrete structures emplaced in mudstone are easily 
detected in cores. 

Besides their classification in cores, paleoenvironmental 
interpretation of trace fossils is enhanced by the amount of 
additional information available in subsurface. For example, 
biofacies data (e.g. foraminiferans, palynofossils, and calcar- 
eous nanoplankton) from regularly selected core intervals are 
currently available, as well as geochemical and petrophysical 
information. These additional datasets can be employed to 
integrate ichnological information with other lines of evidence, 
promoting more robust depositional models. Also, where core 
recovery is good, one is able to examine relatively continuous 
intervals. Unfortunately, some oil companies tend to take cores 
only from the reservoir interval (sandstone and carbonate) and 



associated mudstone facies, whose characterization would be 
essential to understand depositional conditions and paleoenvi- 
ronments, cannot be examined. 

Finally, in many cases cores represent the only available 
information. This is the case with modern offshore areas (e.g. 
Ekdale, 1978, 1979; Wetzel, 1983, 1984), and some rock units 
that are only known from the subsurface (e.g. Buatois et ah, 
1999, 2002b). In recent years, subsurface information also 
become available through the study of borehole images and 
various core-imaging techniques. Ichnological data can also 
be evaluated from borehole images, albeit with a lower level 
of resolution than in cores (e.g. Salimullah and Stow, 1995; 
Bockelie et al., 1998; Gerard and Bromley, 2008). Calibration 
of these images is highly recommended, as elegantly illustrated 
by Gerard and Bromley (2008). Also, scanner-imaging tech- 
niques may help to visualize the three-dimensional morphology 
of trace fossils in cores (Gerard and Bromley, 2008). 
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This success stems mainly from the intimate connection of ichnology with sedimentology and the importance of both fields for 
paleoenvironmental and basin analysis, which becomes more and more important in petroleum exploration. This useful connection, 
however, also had its price. In the hand of biogeologists, trace fossils easily lose their significance as unique biological documents. 

Dolf Seilacher 
Trace Fossil Analysis (2007) 

One of the triumphs of the palaeobiological approach to palaeontology is the insight functional morphology has given us about the 
life activities of long dead organisms. 

Richard Bambach, Andrew Bush, and Douglas Erwin 
“Autecology and the filling of ecospace: key metazoan radiations” (2007) 



Although the significance of trace fossils in paleoenvironmental 
reconstructions is responsible for the rapid development of ichnol- 
ogy, we should not forget that ichnofossils are produced by living 
organisms and, as such, the biological nature of trace fossils is at 
the core of any study on animal-substrate interactions. In this chap- 
ter, we analyze the paleobiological facet of trace fossils. In order to 
do so, we revise concepts from benthic ecology and paleoecology. 
First, we explore the concept of modes of life, addressing feeding 
strategy, position in relation to the substrate-water interface, and 
level of motility. Second, we elaborate on the different modes that 
organisms have to interact with and, in particular, penetrate into the 
substrate. Third, we look at basic locomotion and burrowing mech- 
anisms from a historical perspective, revisiting the pioneering work 
of Schafer and the synthesis by Trueman. We exemplify all these 
mechanisms with examples form the trace-fossil record. Finally, we 
close this chapter by introducing the new paradigm of movement 
ecology and its potential implications in ichnological studies. 

3.1 MODES OF LIFE 



Animals burrow in order to solve four basic problems: respir- 
ation, feeding, reproduction, and protection (Bromley, 1990, 1996; 
Mangano and Buatois, 1999a). The diverse modes of life in the liv- 
ing world reflect viable strategies to deal with these problems. Mode 
of life includes feeding strategy, position in relation to the substrate- 
water interface, and level of motility (Bambach et ah, 2007; Bush 
et al, 2007). These modes of life reveal aU possible combinations 
of ecological parameters, allowing a multidimensional analysis of 
theoretical ecospace. The combination of these elements results in 
216 potential modes of life. In practice, only 92 of these modes of 
life are recorded as utilized (Bambach et al, 2007). 

3.1.1 FEEDING STRATEGY 

Food is an essential requirement for life and, according to 
their structural possibilities, each invertebrate group has 
developed a repertoire of feeding mechanisms and strategies 



in order to get the necessary nutrients from the surrounding 
environment. The questions what does an animal eat, where 
is this food resource located in relation to the animal life-site, 
and how common is this resource (availability) determine 
the specific adaptations for food acquisition (Mangano and 
Buatois, 1999a). Trace fossils provide valuable information on 
trophic types and feeding strategies. 

Marine biologists have recognized incredibly diverse and 
ingenious ways of feeding. However, their perspective is quite 
different from that of a paleobiologist or an ichnologist. 
Biologists are largely focused on particular characteristics, such 
as food particle size, and less attention is paid to what, where, 
and how something is eaten (Crame, 1990). In other cases, 
exquisite details about a peculiar behavior have been observed 
by marine ecologists, but very little of that behavior is recorded 
in the sediment and has preservation potential. From a paleo- 
biological and ichnological standpoint, the signal left in the 
substrate is a simplified version of the behavior involved, and 
can be interpreted in terms of a few major trophic types and 
feeding strategies. Trophic categories can be broadly defined as 
groups of organisms that feed, in general, in the same fashion 
(Walker and Bambach, 1974; Bambach, 1983; Bambach et al., 
2007). In other words, a certain source of food is exploited in a 
similar manner. Although the classification commonly adopted 
by ichnologists (e.g. Bromley, 1990, 1996) is mostly based on 
marine invertebrates, it can be modified to include feeding strat- 
egies in terrestrial environments. Trophic types are based on the 
type of food, source location in relation to the sediment-water 
interface, and the general feeding mechanism involved. 

There are five major feeding categories: suspension feed- 
ing, detritus feeding (also known as surface deposit feeding), 
deposit feeding (also known as mining), grazing, and preda- 
tion (Bambach et al., 2007). However, other unconventional 
categories, such as trapping, farming, photo- and chemosym- 
biosis, and parasitism have also been recognized. In particular, 
parasitism is discussed in the context of animal-animal interac- 
tions (see Section 6.7). In addition, some organisms are able to 
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Box 3.1 Tasselia ordamensis, a complex deposit-detritus feeding-gardening structure of maldanid polychaetes 

Studies involving three-dimensional CT scan and X-ray analyses of incipient Tasselia recovered from shallow- to deep-water 
settings off the coast of Africa and deep-water sediments from eastern Canada revealed its complex internal structure, and pro- 
vide strong evidence to support a maldanid polychaete origin. However, the ethological meaning of this peculiar structure has 
remained elusive until recently. Based on the detailed analysis of over 400 exquisitely preserved specimens of Tasselia ordamensis 
from the Upper Cretaceous to Cenozoic marine deposits of Tierra del Fuego and Antarctica, a new feeding strategy has been 
proposed. This trace fossil, unquestionably related to maldanid worms, illustrates the complex feeding strategies developed by 
representatives of this polychaete group. Tasselia ordamensis is a pear-shaped structure characterized by an axial thickly lined 
tube surrounded by vertically stacked sediment disks and continuing downward into a basal chamber (Fig. 3.1). Composition, 
geometry, and the cross-cutting relationships of internal elements reveal the existence of two domains within each sediment 
disk: the outer and the inner burrow-fill domains. The outer domain contrasts with the host rock in grain size and composition 
of particles, consisting of a fine-grained, micritic matrix enriched in microfossils, such as radiolarians, calcispherules, and dia- 
toms, and tiny plant debris. The internal structure of the outer domain consists of radially arranged, subhorizontal to oblique 
petal-like elements. Coarse particles (e.g. microfossils) are re-oriented parallel to the petaloid elements. The boundary between 
the outer-fill domain and the host rock is sharp, but no particle orientation is visible. The inner-fill domain has a higher concen- 
tration of coarser particles than the outer burrow-fill domain. Its internal structure consists of short, subvertical and strongly 
arched petaloid elements, which are confined to the sediment disk. The boundary between the outer- and the inner-fill domain is 
also sharp with clear evidence of the inner-fill-domain laminae cross-cutting the outer-fill domain. Tasselia ordamensis has been 
traditionally interpreted as a retrusive domichnion/equilibrium structure produced by suspension-feeding or microcarnivore 
organisms. However, detailed analysis of the internal structure of Tasselia clearly indicates that it is constructed protrusively 
(i.e. in a downward direction), and that is most likely a complex structure resulting from the deposit feeding, detritus feeding 
and microbial-gardening activities of maldanid polychaetes. The outer-fill domain, mostly formed of fine-grained particles, 
suggests a deposit-feeding mode with ingested particles passing through the gut of the producer up to the surface (i.e. upward 
advection), and non-ingested particles (large size particles, medium and coarse-grained sand) remaining in the basal chamber or 
on the central part forming part of the inner fill domain. Microfossils and plant debris within the outer-fill domain are clearly 
oriented. They may have been collected at the surface and placed within the petaloid elements (i.e. downward advention), docu- 
menting the role of detritus feeding. Densely packed microfossils and plant debris in discrete levels within the structure most 
likely refiect pulsed delivery of organic matter to the seafloor, followed by rapid subduction and redistribution by the tracemaker 
(detritus-feeding mode). After excavation and deposit-detritus feeding resulting in the formation of a burrow fill disk, a new 
feeding chamber is excavated below. The old feeding chamber is now situated above, and functions as “culturing compartment”. 
The distinct structure of the inner domain results from reworking of particles stored in previous feeding chambers. Therefore, 
Tasselia ordamensis illustrates the feeding plasticity of maldanid polychaetes, producing complex structures, resulting from a 
combination of deposit-detritus feeding and gardening activities, and most likely as a response to fluctuating food supply. 

References: Olivero and Lopez-Cabrera (2010). 



switch feeding strategies. For example, some suspension- and 
surface-deposit feeding bivalves are able to switch mechanisms 
facultatively (Skilleter and Peterson, 1994). Combined feeding 
strategies may result in complex trace fossils, as in the case of 
the ichnogenus Hillichnus, which has been attributed to a com- 
bination of deposit feeding and chemosymbiosis with sulfide- 
oxidizing bacteria (Bromley et ah, 2003). Behavioral plasticity 
in terms of feeding strategies is also common in decapod crus- 
taceans and polychaetes (Box 3.1). 

Suspension feeders capture suspended particles from the 
water column, and are commonly sessile forms that do not move 
around to get the necessary nutrients. Filter feeding is a subdiv- 
ision of suspension feeding, in which an organic filtration mech- 
anism is involved in food acquisition (Walker and Bambach, 
1974). In the trace-fossil record, suspension feeding is revealed 
by simple (e.g. Skolithos) or U-shaped (Diplocraterion) vertical 
burrows with lined walls preserved in clean sandy substrates. In 



modern environments, these structures are produced by poly- 
chaetes, sabellariids, spionids, and phoronids, among other 
organisms (Alpert, 1974; Gingras et ah, 2008a). Suspension- 
feeding strategies have been envisaged for some simple horizon- 
tal burrows, such as Palaeophycus, which is thought to have been 
produced by a wide variety of organisms, including polychaetes 
(Pemberton and Frey, 1982). 

Various devices and adaptations have been developed by sus- 
pension feeders to attain the appropriate position in the water 
column for trapping particles. Some suspension-feeding brit- 
tle stars (ophiuroids) can coil their arms and hence are well- 
adapted for clinging onto corals and other elevated structures. 
Other ophiuroids (e.g. the basket star) display delicate branch- 
ing arms that form a mucus-trapping basket directed towards the 
current (Barnes and Hughes, 1999). The ophiuroid trace fossil 
Asteriacites aberensis is characterized by long rays frequently ori- 
ented parallel to the inferred paleocurrent (Crimes and Crossley, 
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Figure 3.1 Tassetia ordamensis, a complex trace fossil attributed to 
the detritus- and deposit-feeding, and gardening activities of malda- 
nid polychaetes. Visible internal structural elements are the axial, lined 
tube, the stacked sediment disks, the outer and inner fill domains, and 
the terminal chamber. Upper Eocene-Lower Oligocene, Punta Gruesa 
Beds, Punta Gruesa, Tierra del Fuego, southern Patagonia, Argentina. 
Scale bar is 5 cm. See Olivero and Lopez-Cabrera (2010). 

1991), suggesting a suspension-feeding trophic type (Mangano 
et ah, 1999). Preferential orientation with respect to the predom- 
inant current (i.e. rheotaxis) by clusters of resting traces has been 
commonly invoked to infer suspension feeding. Examples include 
Rusophycus in freshwater environments attributed to notostracan 
crustaceans (Bromley and Asgaard, 1972b) and in marine envi- 
ronments presumably produced by trilobites (Pickerill, 1995). 

Some suspension-feeding body plans, such as those of sponges 
and cnidarians, include chambers or an internal cavity lined with 
tissue, whose cells, by means of cilia, seta, flagella, or amoeb- 
oid pseudopodia, capture particles trapped within the cavity. 
This strategy is illustrated by the clionid sponge-boring Entohia 
(Bromley, 1970). Brachiopods exhibit a more complex design, in 
which anatomical structures are particularly adapted for filtering. 
In particular, the lophophore with ciliated filaments performs 
three interrelated functions as a pump, a sieve, and a respiratory 
organ. Although it is a well-established dogma that brachiopods 
are sessile epifaunal organisms, modern lingulide brachiopods 
live within a vertical to inclined, mucus-lined burrow; the anterior 
part of the shell at or slightly projecting from the water-sediment 
interface and anchored, via a flexible pedicle, into the substrate 
(Emig et ah, 1978; Savazzi, 1991). As documented by Zonneveld 
and Pemberton (2003), the dwelling trace fossil Lingulichnus illus- 
trates a wide range of behaviors, including stationary suspension 



feeding, escaping from burial, and reburrowing after erosional 
exhumation, all behaviors known in extant lingulide. 

Suspension-feeding bivalves display complex gill morpholo- 
gies, which are used for both respiration and particle collection 
from the mantle cavity. A set of morphological features, such 
as a streamlined shape, deep pallial sinus, marginal posterior 
gape, and absence of prominent shell ornamentation character- 
ize suspension-feeding bivalves (Stanley, 1970). The presence of 
a deep pallial sinus is related unequivocally to posterior siphons. 
The posterior gape signals the existence of a long siphon that 
cannot be withdrawn entirely into the shell, forcing the animal 
to be confined permanently in a deep burrow safe from the haz- 
ards of the shallower tiers. This type of siphon is almost invari- 
ably linked to a suspension-feeding strategy. The ichnospecies 
Lockeia siliquaria has been interpreted as the basal part of a 
dwelling structure of suspension-feeding bivalves (Mangano et 
ah, 1998). A similar interpretation can be made for freshwater 
bivalve traces because almost all lacustrine representatives are 
suspension feeders (White and Miller, 2008). Another example 
of trace fossils produced by a suspension-feeding bivalve is rep- 
resented by the occurrence of Panopea faujasi within its equilib- 
rium structure Scalichnus phiale (Hanken et al., 2001). 

Detritus feeders or surface deposit feeders capture loose parti- 
cles on the depositional interface, which is rich in organic matter 
(Bromley, 1990, 1996; Bambach et al, 2007). Both vagile organ- 
isms that move around in search of food and sessile animals that 
explore around their burrows are represented. Non-specialized 
grazing trails (e.g. Mermia and Gordia) in freshwater environ- 
ments have been attributed to detritus-feeders, most likely insect 
larvae (Buatois and Mangano, 1993a). Snails in both marine 
and freshwater environments graze on organic matter and algal 
material at the sediment surface, producing structures akin to 
the ichnogenus Archaeonassa. Tellinid bivalves are common sur- 
face deposit feeders living below the sediment-water interface 
and using the inhalant siphon to collect particles at the surface. 
These structures are well documented in modern tidal flats (e.g. 
Schafer, 1972). However, the only trace fossil attributed to tel- 
linid bivalves, the ichnogenus Hillichnus, is remarkably complex 
and has not been regarded as reflecting a Macoma-Xiks detritus 
feeding strategy (Bromley et al., 2003). Surface deposit feeding is 
also adopted by various worms, such as some terebellids, malda- 
nids, and glycerids (Gingras et al., 2008a). Concentrically filled 
burrows assigned to the ichnogenus Rosselia have been attributed 
to detritus-feeding terebellid polychaetes (Nara, 1995, 2002). 

Deposit feeders or miners ingest organic matter within the sub- 
strate to recover buried food. Because most of the sediment is 
composed of inorganic mineral grains (even organic-rich sediment 
can be 95% inorganic in matter) animals may wander through the 
sediment in search of organic food particles or construct com- 
plex and more permanent burrows to systematically mine the 
sediment. Because the surface and uppermost parts of the sub- 
strate are richer in nutritious particles, they are heavily populated 
by deposit feeders (Bromley, 1990, 1996). Deposit feeders can be 
selective (i.e. those that only extract nutritious grains from the 
sediment) or non-selective (i.e. those that engulf the sediment 
uncritically and digest what they can from it). Most infaunal 
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organisms (i.e. endobenthos) are deposit feeders that rework the 
sediment to get nutritious particles producing biogenic reworking 
(Bromley, 1990, 1996). In many cases, the morphology and nature 
of the infill of trace fossils record unquestionable support for a 
deposit-feeding habit of the tracemaker. For example, an actively 
infilled burrow (i.e. a fill that has been subject to biological pro- 
cessing, passing through the animal’s gut) commonly contrasts in 
organic content or grain size with the host rock (e.g. Planolites), 
or is packed as backfilled menisci (e.g. Taenidium, Scolicia). 

Marine benthic ecology and neoichnological studies indi- 
cate that deposit feeding is a widely represented feeding strat- 
egy among many vermiform organisms. Various polychaetes, 
such as terebellids, maldanids, glycerids, and opheliids, feed 
within the sediment (Gingras et al., 2008a). The latter are 
known to produce the ichnogenus Macaronichnus (Clifton and 
Thompson, 1978; Pemberton et al., 2001). In continental set- 
tings, oligochaetes and various annelids, such as tubificids and 
lumbriculids, are typical deposit feeders (White and Miller, 
2008). Protobranch bivalves and many echinoids are also well- 
known deposit feeders with an extensive representation in the 
ichnological record. Combined locomotion and feeding activ- 
ities of protobranch bivalves are represented by the chevro- 
nate trace fossil Protovirgularia (Seilacher and Seilacher, 1994; 
Mangano et al., 1998; Carmona et al., 2010). Structures attrib- 
uted to spatangoid echinoids are illustrated by the backfilled 
ichnogenera Scolicia and Bichordites (Bromley and Asgaard, 
1975; Smith and Crimes 1983; Bromley et al., 1995). 

Some complex gallery systems produced by decapod crus- 
taceans reveal adaptations for deposit feeding (Ekdale, 1992). 
According to Gingras et al. (2008a), some thalassinid shrimps 
construct tiered boxworks and networks using the vertical shaft 
to maintain a connection to the sediment-water interface and 
the basal network for deposit feeding. 

A number of biogenic structures known from the fossil record 
have been attributed to deposit feeders based on design, although 
the actual affinities of the producer remain unknown in the 
absence of modern analogues. Examples include ichnogenera 
from the ichnofamily Arthrophycidae, such as Arthrophycus and 
Phycodes (see Section 13.3), as well as other feeding burrows, 
such as Halopoa, Phycosiphon, and Heimdallia, among many 
others (Seilacher, 2007b). 

A deposit-feeding trophic type has been inferred for extinct 
organisms based on combined ichnological and functional mor- 
phological evidence. One of the most remarkable examples is 
trilobites, which are regarded for the most part as deposit feed- 
ers, although some may have developed other feeding strategies, 
such as scavenging, predation, and suspension feeding (Seilacher, 
1985; Jensen, 1990; Whittington, 1992; Fortey and Owens, 1999). 
Deposit feeding is suggested on morphological grounds, such as 
the absence of mandibles and chelate appendages, and the pres- 
ence of multiple undifferentiated biramous limbs. The so-called 
trunk-limb feeding mechanism involves the rhythmical inward 
motion of the endopodites (inner branch of the limb), which 
convey the gathered particles to the mouth through the inter- 
coxae food groove (Seilacher, 1985; Clarkson, 1992; Levi-Setti, 
1993). Some features, such as the presence of a spinose coxae 



and the backfacing mouth at the rear of the hypostome, suggest 
that larger size particles were probably squeezed and shredded 
along the intercoxae groove and subsequently pushed forward 
to the mouth (Whittington, 1992). The abundance of cruzianids 
in lower Paleozoic rocks also provides a strong evidence for 
deposit feeding. These structures not only involved high-energy 
requirements inconsistent with simple locomotion, but also, in 
some cases, display scribbling or circling patterns best explained 
by food searching (e.g. Seilacher, 1970; Fortey and Seilacher, 
1997; Mangano and Buatois, 2003a; Neto de Carvalho, 2006). 
Functional morphological analysis of the trace fossils Cruziana 
and Rusophycus has provided valuable information to elucidate 
the mechanics involved in trilobite deposit feeding (Seilacher 
1970, 1985) (see Section 3.3.1). Bilobate trails are also produced 
by various other invertebrates, many of which are deposit feed- 
ers, such as isopods, which move through sediment to extract 
organic matter (Hauck et al., 2008; Gingras et ah, 2008a). 

Grazers are basically herbivores who scrape or nibble plants, 
algae, or even microbial material from the depositional surface, 
or chew or rasp larger plants or seaweeds (Mangano and Buatois, 
1999a). Ecologists tend to link the feeding strategy of grazing to 
the development of grasslands, mammals being the archetypal 
grazers (Owen, 1980; see also Thomasson and Voorhies, 1990). 
In the sea, limpets, sea urchins, and fishes are well-established 
grazers on hard substrates. In modern coral reefs, grazing fish 
are major determinants of the benthic community structure 
(Bellwood and Wainwright, 2006). Reef structures have been 
related to the activities of grazers throughout the Phanerozoic, 
the most marked change being in the Cenozoic when diverse 
grazing fishes accompanied by some groups of invertebrates, 
such as deep-grazing limpets and sea urchins, resulted in a dras- 
tic increase in grazing pressure (Bellwood and Wainwright, 
2006). The use of the term “grazing” in ichnology may be some- 
what misleading. In ichnology, the strategy of “grazing” refers to 
a combination of feeding and locomotion being recorded by the 
ethological category pascichnia (see Section 1.4.4). Archetypal 
grazing structures commonly reflect that the animal is feeding 
while moving on or within the substrate, so from a trophic-type 
perspective detritus- or deposit-feeding, and, less commonly, 
true grazing may be involved. In soft marine substrates, grazers 
commonly eat some superficial organic detritus, so this category 
is actually transitional to detritus feeding. Organisms that feed 
on large particles of dead animals found at the sediment-water 
interface are referred to as scavengers. As particle size decreases, 
this category also grades into detritus feeders. On the other hand, 
some carnivores may eat dead, undecayed animals and, there- 
fore, scavengers may grade into predators (Walker and Bambach, 
1974). Although grazers, detritus feeders, and scavengers are 
not easily differentiated in terms of their trace-fossil record, in 
some contexts, it is possible to point to a grazing trophic type. 
For example, Ediacaran simple trails, some of the first meta- 
zoan structures, are best interpreted as the product of grazers on 
microbial mats (Seilacher, 1999; Buatois and Mangano, 2003a) 
(see Section 14. 1 .2). The trace fossil Radulichnus, a rasping struc- 
ture, is a typical example of grazing feeding strategy in the ich- 
nological record. In Carboniferous tidal flats, grazing trails may 
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be directly associated with fossil leaves and other plant material 
(see Section 8.1.2). 

Terrestrial arthropods feed on living and dead plants using 
multiple strategies, including piercing-and-sucking, chewing, gall- 
ing, scraping, and boring. While there are few primary decom- 
posers in marine food chains and webs, primary decomposers 
are essential elements of terrestrial ecosystems, giving rise to a 
second food chain. Woody, supporting tissues, which form the 
bulk of vegetation, only become available as food once they are 
dead. Arthropod adaptations to consume plant material are doc- 
umented in the fossil record not only by the study of arthropod 
body fossils but also by the trace-fossil record of plant-arthropod 
interactions (Labandeira, 1998, 2007) (see Section 14.2.7). 

Predators, also known as carnivores, get their food by cap- 
turing prey that is capable of resistance (Bambach et al., 2007; 
Bush et al., 2007). They represent the highest levels of the food 
chain. Predators can be passive or active, according to whether 
they wait in a fixed position for prey or they actively pursue it. 
Passive predation is illustrated by some polychaetes, sea anemo- 
nes, and other anemone-like anthozoans (Ceriantharia). Some 
tube-dwelling worms are typically carnivores, they use the tube 
as a protective retreat and extend from the opening to seize 
passing prey. Vertical burrows, such as Skolithos, are commonly 
attributed to suspension feeders, but passive predation cannot 
be disregarded. Sea anemones live attached to corals, shells, or 
hide in rock crevices, and some burrow in sand or mud. They 
prey on various invertebrates, such as bivalves and crustaceans, 
swept by currents or waves, and some large species are even able 
to capture fish. The prey is paralyzed by nematocysts, caught 
by the tentacles, and carried to the mouth (Barnes and Hughes, 
1999). Plug-shaped burrows (e.g. Conostichus, Bergaueria, 
Conichnus) are typically attributed to anthozoan cnidar- 
ians, including sea anemones (Actinaria) and tube anemones 
(Ceriantharia) (Pemberton et al., 1988; Bromley, 1990, 1996). 
Most recent anthozoans are microcarnivores, however, and the 
distinction between passive predation and suspension feeding 
based on morphology of biogenic structures is difficult. 

Active predation is the main mode of predation. This strategy 
is illustrated by many invertebrates and all vertebrate predators. 
In terms of biomass, predators are commonly underepresented 
in the fossil record, but they have played a critical role in shaping 
long-term trends in adaptation (Vermeij, 1987). Several phases 
are involved in predation, namely, search, capture, penetration, 
ingestion, digestion, and defecation (Bishop, 1975). Direct evi- 
dence of predation in the fossil record includes trace fossils of 
penetration and ingestion of preys, and digestive contents and 
fecal products of predators (Mangano and Buatois, 1999a) (see 
Section 1.4.10). Bites or crush marks on the prey exoskeleton 
result from pre-ingestive breakage, and circular and parabolic 
bore holes are produced by drilling. Crustaceans have developed 
various techniques to kill their prey, including peeling (i.e. piece 
by piece breakage), crushing between the claws, or pounding their 
prey with expanded segments of their maxillipeds (Brett, 1990). 
Drilling is a specialized mode of predation, as illustrated by many 
marine mollusks (Brett, 1990). Circular drilling holes (ichnoge- 
nus Oichnus) are well known in the trace-fossil record, and may 



be produced by a number of organisms, including carnivorous 
gastropods and octopodid cephalopods (Bromley, 1981, 1994). 

Evidence of predators in situ on prey is fascinating, but 
extremely uncommon. Sublethal predation scars and biogeni- 
cally induced broken fragments of trilobites provide evidence 
of trilobites being preyed upon (Babcock and Robinson, 1989; 
Babcock, 1993; Pratt, 1998). Moreover, right-left behavioral 
asymmetry recorded by predation scars, preferentially on the 
right side, indicates the existence of predators with a lateralized 
nervous systems since at least the Early Cambrian (Babcock and 
Robinson, 1989). Ichnological evidence of predation by trilo- 
bites has been suggested by Jensen (1990), who documented the 
recurrent association of the trilobite resting trace Rusophycus 
dispar and worm trace fossils. This author noted that the trilo- 
bites consistently positioned themselves so that only the legs of 
one side were in contact with the worm burrow, suggesting a cap- 
ture technique in which the legs of one side were flexed around 
the prey, squeezing it against the spinose inner part of the coxae. 
Although, this predation interpretation has been questioned by 
Rydell et al. (2001), further case studies documenting ichnologi- 
cal evidence of predation by trilobites have been published (e.g. 
Brandt et al., 1995; English and Babcock, 2007). 

Ingested prey within the gut and gastric contents is another 
source of information, mostly restricted to fossil deposits of 
exceptional preservation (e.g. Viohl, 1990; Habersetzer et al., 
1994; Zhu et al., 2004). Coprolites, however, are a more wide- 
spread evidence of diet, being found both in fossil lagerstatten 
(Vannier and Chen, 2005) and in terrestrial red beds (Hunt et al, 
1994, 1998). Although the nature of coprolites was recognized 
very early by William Buckland (Pemberton and Frey, 1991), 
only recently has their potential in paleoecology and biostratig- 
raphy started to be explored. Coprolites and gut contents pro- 
vide crucial data to reconstruct ancient trophic webs (Richter 
and Baszio, 2001; Richter and Wedmann, 2005; Habgood et 
al., 2003; Vannier and Chen, 2005). 

Trapping, farming (also referred to as gardening), photo- 
symbiosis, and chemosymbiosis are unconventional feeding 
categories (Mangano and Buatois, 1 999; Bambach et al., 2007). 
Trapping is the passive capture of migrating meiofauna or 
other microrganisms within spiral or complex structures (see 
Section 1.4.7). A typical example of trapping is represented 
by the paraonid polychaete Paraonis fulgens, which produces 
spiral burrows within intertidal sediment (Roder, 1971; Risk 
and Tunnicliffe, 1978). This polychaete selectively feeds upon 
diatoms as indicated by analysis of its gut contents and by its 
small size (Roder, 1971; Levin et al., 1999). The spiral burrows 
are used as traps to capture diatoms as they migrate vertically 
within the sediment. The gaps between the whorls are inter- 
preted as an area from which new diatoms can move into the 
trap, and so repeated visits can yield additional food (Roder, 
1971). Although these intertidal biogenic structures have very 
low preservation potential, they have recently been described 
from the fossil record (Minter et al., 2006). 

Farming is a feeding adaptation that involves the culturing of 
suitable bacteria or fungi to provide food (Seilacher, 1977a) (see 
Section 1.4.7). Both farming and trapping can be inferred from 
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complex, regular architectural patterns of biogenic sediment- 
ary structures that are difficult to explain in terms of deposit 
feeding and are illustrated by the ethological category agrichnia 
(see Section 1.4.7). Complex three-dimensional network designs 
with secondary undulations, side branching, and anastomoses 
are commonly suspected to represent trapping or farming struc- 
tures (Seilacher, 1977a). Examples include the ichnogenera 
Paleodictyon, Protopaleodictyon, Acanthorhaphe, Desmograpton, 
and Urohelminthoida, among many others. In particular, the ich- 
nogenus Spirorhaphe has been modeled on the Paraonis spiral 
trap. Although commonly overlooked, these feeding adaptations 
may be the cornerstone of some sophisticated food chains. These 
specialized strategies are developed in response to depleted food 
conditions and absence of sunlight, and are typical of base-of- 
slope environments (see Sections 9.2 and 9.3). 

Photosymbiosis and chemosymbiosis are feeding adaptations, 
which, until recently, have been overlooked in the paleontological 
literature. Photosymbiosis has been recognized in corals and sev- 
eral recent bizarre bivalves (e.g. Tridacna, Corculum) (Seilacher, 
1990a). Chemosymbiosis involves animal endosymbiosis with 
chemoautotrophic bacteria. This adaptation has been extensively 
studied in relation to deep-sea vents, where chemosymbiotic bac- 
teria allow the development of real oases of life in an otherwise 
life-depleted setting (Grassle, 1985). Chemoautotrophs use dif- 
ferent inorganic sources (e.g. hydrogen sulfide, elemental sulfur, 
ammonia, ferrous iron, hydrogen) to produce energy. For example, 
sulfuricant bacteria occur within the soft tissue of the host (e.g. 
gills, mantle) where they are able to oxidize vent-derived HjS in 
the presence of sufficient oxygen. Other reactions used by bacteria 
to obtain chemical energy are hydrogen oxidation and methane 
production. Chemosymbiosis is also an effective strategy in other 
environments such as anoxic muds (e.g. anoxic Qords, seagrass 
meadows, mangrove swamps) where oxygen and hydrogen sul- 
fide are found in close proximity. In these environments, recent 
amphisiphonate lucinids (e.g. Thyasira, Codakia) are known to 
host chemoautotrophic bacteria in their gills. Chemosymbiosis 
is an unusual mode of nutrition that requires physiological adap- 
tations and protection from the toxic surrounding environment. 
The recent bivalve Solemya has its gills packed with bacteria and 
its gut is reduced or absent (Yonge, 1936). These modifications in 
the soft parts, however, are not reflected by the shell morphology, 
which is largely unaffected (Seilacher, 1990a). 

In the fossil record, photo- and chemosymbiosis have been 
inferred based on morphological and behavioral adaptations, 
and are well represented in some invertebrate groups, such 
as bivalves (Seilacher, 1990a). While photosymbiosis does 
not involve a particular interaction with the substrate and, 
accordingly, has not been documented from the trace-fossil 
record, some ichnofossils have been related to chemosymbio- 
sis. Many odd burrows, such as the ichnospecies Solemyatuba 
ypsilon, have been interpreted as specialized chemosymbiotic 
designs, and modeled based on analysis of the bivalve Solemya. 
Solemyatuba ypsilon displays a basic U-shaped design that 
allows burrow ventilation and oxygen intake and a down- 
ward blind extension, presumably used for pumping hydrogen 
sulfide from the surrounding sediment (Seilacher, 1990a). The 



ichnogenus Chondrites, whose branching design cannot be sat- 
isfactory explained as the work of a deposit feeder, may actually 
represent “sulfide wells” constructed by the activity of a chem- 
osymbiotic worm-like animal (Seilacher, 1990a; Fu, 1991). 

3.1.2 POSITION WITH RESPECT TO THE SUBSTRATE- 
WATER INTERFACE 

The position in relation to the substrate-water interface or tier- 
ing is a central concept in ichnology (see Section 5.1). It identi- 
fies the setting where an animal lives and, as such, it is intimately 
related to its feeding type. Six basic situations can be recognized 
(Bambach et al, 2007; Bush et al., 2007). These are pelagic (living 
in the water column as either plankton or nekton), erect (benthic, 
extending into the water mass), epifaunal or surficial (living on 
the surface, not extending significantly upwards), semi-infaunal 
(partly infaunal, partly exposed to the water column), shallow 
infaunal (living in the upper 5 cm of the substrate), and deep 
infaunal (living below the upper 5 cm of the substrate). The 5-cm 
boundary reflects approximately a depth above which organisms 
are challenged by disturbance rather than maintaining contact 
with the sediment-water interface and below which these difficul- 
ties are reversed in severity (Bush et al, 2007). In any case, this 
boundary may be highly variable as it is highly dependent on sev- 
eral parameters, such as hydrodynamic energy (see Section 6.1.1) 
and depth of the redox discontinuity surface (see Section 6.1.3). 

All the latter five categories include organisms living on and/ 
or within the substrate, and are regarded as benthic (Walker and 
Miller, 1992). The terms epibenthic (= epifaunal, living at the 
sediment-water interface) and endobenthic (i.e. living within the 
sediment) are widely used in ichnology. Although occasionally 
some nektonic organisms may be revealed in the trace-fossil record 
(e.g. the fish trail Undichna), ichnology deals essentially with the 
activities of benthic organisms. In ichnological studies a more 
detailed subdivision of the infaunal ecospace is attainable because 
a finer-grained zonation can be obtained by careful study of tiering 
of biogenic structures that are produced not only by animals with 
hard parts but mostly by soft-bodied organisms (see Section 5.1). 

3.1.3 LEVEL OF MOTILITY 

The level of motility is the capability of an animal to move under 
its own power (Bambach et al., 2002). Motility level is essential in 
ecological reconstructions because it determines an animal’s range 
of physical activities (Bush et al., 2007). It has been subdivided 
into six main categories: freely fast (regularly moving, unencum- 
bered); freely slow (regularly moving, intimate contact maintained 
with substrate); facultative unattached (moving only when neces- 
sary, free-lying); facultative attached (moving only when necessary, 
attached); non-motile unattached (not capable of self-propulsion, 
free-lying), and non-motile attached (not capable of self-propul- 
sion, attached) (Bambach et al, 2007; Bush et al., 2007). 

Motility level is reflected by the basic ichnological categories 
of sessile and vagile used in ichnoguild characterization (see 
Section 5.4). However, not all the categories established based 
on body-fossil analysis are recorded in the ichnological realm. 
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Tracemakers are for the most part motile animals, either fully 
or facultatively motile. The only exception is attachment struc- 
tures (e.g. Podicimus). In this case, the brachiopod tracemaker 
is a non-motile attached organism. Overall, those fully motile 
in intimate contact with the substrate are the most effective 
burrowers. Those motile animals that are less encumbered and 
that move by pressing the substrate with their appendages (e.g. 
many epibenthic arthropods) are less effective burrowers or do 
not burrow at all, but may produce trackways under appro- 
priate substrate conditions. Facultatively motile animals can 
move to escape a threat or to reposition if affected by envir- 
onmental disturbance (Bush et al., 2007), therefore producing 
biogenic structures (e.g. escape traces). 



3.2 MODES OF INTERACTION WITH THE 
SUBSTRATE 



There are several classifications that account for the many 
ways that animals interact with the substrate (e.g. Hanor and 
Marshall, 1971; Bromley, 1990, 1996; Francois et al., 1997; 
Solan and Wigham, 2005). Each of these schemes emphasizes 
different aspects, but to a certain extent equivalencies between 
the different frameworks can be proposed. 

Bromley (1990, 1996) defined four main types of interactions 
between infaunal animals and the substrate: intrusion, compres- 
sion, excavation, and backfilling (Fig. 3.2a-k). These catego- 
ries are based on increasingly more complex animal-sediment 
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Figure 3.2 Some classic trace fossils interpreted within the categories of animal-substrate interactions of Bromley (1990, 1996). Note the relation 
with substrate consolidation, (a-d) Intrusions may form under a wide range of sediment consistencies from soupy to firm, (a) Shallow insect tun- 
nel produced in a stiff sediment (stabilization may be related to sediment dewatering and/or microbial binding), (b) Bivalve trace in softgrounds. (c) 
Escape structures typically record intrusions in soft-to-soupy substrates, (d) Carnivore gastropods may intrude into soft-to-soupy sediment in search 
of prey producing biodeformational structures, (e-f) Compression structures are typically formed in partially dewatered sediment with enough shear 
strength. Compression action re-orients sediment particles at the structure boundary. Mucus can be used to bind the sediment grains, (e) Bivalve bur- 
row. (f) Sea-anemone burrow, (g-1) Excavations can be formed in a wide range of consistencies, but are commonly not effective in soupy substrates, (g) 
Many mammals are well-adapted for excavating in firm terrestrial settings, (h) Excavation is the most common type of construction by insects in soils, 
(i) In soft sediments, excavations require reinforcement of the burrow boundary by a construction wall, (j-k) Backfilling is an efficient way of advan- 
cing through sediment while feeding, the loosened grains ahead being transported backwards via digestion or mechanical transport, and packed in a 
meniscus structure. Backfills can be found in soft to firm substrates, (j) Striated and meniscate burrow, (k) Irregular echinoid burrow. 
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interactions, namely the sediment is simply displaced, pushed 
aside and reorganized, manipulated and transported somewhere 
or digested and redeposited during burrowing. He noted that 
this approach is essentially from an ichnological standpoint. 

During intrusion an animal simply displaces sediment tempor- 
arily with its body (Bromley, 1990, 1996) (Fig. 3.2a-d). As the 
animal moves on, the medium closes behind (i.e. no cavity is left 
open). In soupy or soft sediments, this burrowing strategy results 
typically in biodeformational structures rather than permanent 
and distinct burrows. This mode of interaction is also adopted 
by many different organisms producing escape traces (see Section 
1 .4.8). According to Bromley (1990, 1996), intrusion is also accom- 
plished by some terrestrial vertebrates (e.g. moles, some reptiles) 
and insects (e.g. crickets and beetles), when they move close to 
the sediment surface. In this case, the uncompacted roof sediment 
is simply moved up and, in many cases, the structure collapses 
behind the animal. However, if these structures are produced at 
a slightly deeper level within a firmer substrate, a compression 
structure rather than an ephemeral intrusion will be produced. 

Compression records the activity of an infaunal organism 
that forces a passage through the sediment by pressing material 
aside and compacting it (Fig. 3.2e-f). This mode of interaction 
typically results in relatively permanent and distinct burrows. 
The burrow boundary is typically smooth and only excep- 
tionally ornamented (e.g. Lockeia ornata). Hydrodynamic 
deformation of the body (or part of the body) may result 
in compression on the boundary if sediment consistency is 
appropriate. In marine environments, this mode is adopted 
by bivalves, cnidarians, and many worms that move using a 
hydraulic mechanism through a firm substrate. Bivalve rest- 
ing structures (e.g. Lockeia) and cnidarian resting and dwelling 
structures (e.g. Bergaueria, Conostichus) are examples, while in 
continental environments, tunnels made by earthworms and 
many vertebrates (e.g. rodents) are produced by compression. 

Excavation is the most efficient way to deal with somewhat 
compacted sediment (Fig. 3.2g-i). The animal loosens the sedi- 
ment ahead and relocates the material elsewhere, typically onto 
the substrate surface. Crustaceans use a basket formed by their 
anterior appendages to transport sediment outside the burrow, 
while fish use their mouths (Bromley 1990, 1996). Crustaceans 
may also use mucus and their anterior appendages to produce 
construction pellets that are pressed into the boundary of the 
structure to form a reinforced wall (e.g. Ophiomorpha). In some 
cases, part of the sediment may be ingested and the feces depos- 
ited outside the burrow, into the wall, or stored somewhere within 
the structure. In terrestrial settings, this burrowing strategy is 
commonly adopted by many fossorial mammals and insects. 

Backfill consists of active manipulation by the animal in 
which sediment ahead is loosened, transported backwards 
around or through the body and redeposited behind as the 
organism moves forward (Fig. 3.2j-k). In the case of sediment 
being moved around the body, the sediment is mechanically 
manipulated, while sediment transported through the body of 
the organism involves ingestion and excretion. Burrow fill may 
be either meniscate, showing alternation of layers of different 



grain size (e.g. Taenidium), or homogeneous (e.g. Planolites) 
(see Box 2.2). Backfill is typically employed by worms, but it is 
also common in arthropods and irregular echinoids. Although 
some insects are able to backfill their structures by mechan- 
ical manipulation (Smith et ah, 2008a), they do not ingest and 
excrete sediment (Bromley et al., 2007). 

The ichnological classification by Bromley (1990, 1996) can 
be easily related to the approach of Hanor and Marshall (1971), 
who identified four mechanisms by which organisms can induce 
mass transport: turbulent diffusion, shear, advection, and 
molecular diffusion. More than one of these mechanisms may 
be involved in the generation of a biogenic structure. The first 
three mechanisms correlate well with distinctive categories in 
Bromley’s scheme, the fourth one involves chemical reactions, 
inducing mixing on a molecular level and can be favored by any 
of the three types of physical transport processes. 

Turbulent diffusion (also known as eddy diffusion) is pro- 
duced when an organism moves through sediment generating 
turbulent stirring. This may occur around the margin of the 
animal and within its digestive tract in the case of deposit feed- 
ers. Turbulent diffusion takes place during intrusion in soupy 
substrates and commonly produces biodeformational struc- 
tures (Bromley, 1990, 1996). 

Shear takes place if the movement generates a laminar flow 
of sediment that predominates over turbulence. Some structures 
may display a central core of turbulent disturbance surrounded 
by a region of shear at the boundary of the structure. Shear is 
involved at the boundary of structures generated by compres- 
sion sensu Bromley (1990, 1996). Internally, within the organism, 
shear is involved during mastication and digestion where solid 
grains are crushed and ground (Hanor and Marshall, 1971). 

Advection refers to the bulk transport of a component, and may 
involve downward, upward, and axial movements. Burrows filled 
by sediment collapse or passive infill of open galleries involved 
downward advection. Many compression structures left open 
are infilled by collapse and downward advection. Upward advec- 
tion is involved when an organism excavates a burrow and trans- 
ports sediment up to the sediment-water interface. Some worms 
select what they eat, indigestible material is advected through the 
worm and excreted at the other end. Conveyor burrowers, such 
as maldanid worms in marine environments and earthworms in 
terrestrial settings, provide excellent examples of selective advec- 
tion. If the organism ingests sediment at one end and excretes it 
out at the other or transports it mechanically along the structure, 
we are dealing with axial advection. This type of mass transport 
is recorded in backfill sensu Bromley (1990, 1996). 

Sediment particle redistribution by the activities of benthic 
invertebrates and tbe evaluation of the bioturbation capacity 
of extant assemblages have received considerable attention by 
marine ecologists (e.g. Rhoads, 1974; Snelgrove and Butman, 
1994; Pearson, 2001; Solan et al., 2004a, b). However, many 
of tbe resulting models and classification schemes may be of 
limited application in paleoichnology as the identity of the 
tracemaker is in most cases a fundamental incognita. However, 
Solan and Whigam (2005) modified a previous classification 
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by Frang:ois et al. (1997), which provides a mechanistic under- 
standing of biogenically induced mixing irrespective of the 
species identity that can be applied more generally. Seven basic 
modes of bioturbation are recognized: epifaunal bioturbators, 
surficial modifiers, biodiffusive bioturbators, gallery biodiffuse 
bioturbators, upward conveyors, downward conveyors, and 
regenerators. Some of these categories (e.g. upward conveyors 
and downward conveyors) closely match the basic mechanisms 
of Hanor and Marshall (1971) and categories of Bromley 
(1990, 1996), but others deserve further comments and clarifi- 
cation. Epifaunal bioturbators refer to organisms whose activ- 
ities occur predominantly above the sediment-water interface, 
and therefore have a negligible contribution to vertical particle 
transport, but may contribute to lateral heterogeneity by redis- 
tribution of fine particles over very short distances along the 
surface. In contrast, the surficial modifiers of this scheme are 
actually very shallow-tier bioturbators that inhabit the upper- 
most 1-2 cm of the sediment, and generate more disturbance 
than the epifaunal bioturbators. Biodiffusive bioturbators move 
particles through every level of the sediment profile resulting in 
a down gradient vertical transport of particles analogous to 
molecular and eddy diffusion. Gallery biodiffusive bioturba- 
tors account for rapid transport of particles from the upper 
regions of the sediment to the lower limit of burrow penetra- 
tion. Regenerators excavate holes and transfer sediment from 
depth to the surface where it is removed by physical processes, 
such as currents; and is replaced by surficial sediment and bur- 
row collapse material; this is analogous to the typical excava- 
tions described by Bromley (1990, 1996) involving upward 
advection of material during excavation followed by passive 
infill by downward advection. Solan and Whigam (2005) also 
explored the interactions between biogenic reworking and 
microbial activity, emphasizing the necessity of including the 
microbial component in our understanding of animal-sedi- 
ment interactions at different scales. 



3.3 LOCOMOTION AND BURROWING MECHANISMS 



We can approach to the problem of animal-substrate interac- 
tions analyzing the many ways in which animals move on and 
through the substrate. In order to decipher the ethological mean- 
ing of a biogenic structure, it is essential to have an understand- 
ing of the locomotion and burrowing mechanisms available to 
the different groups of benthic organisms. Movement is a funda- 
mental characteristic of life, driven by processes that act across a 
wide variety of spatial and temporal scales (Nathan et al, 2008). 
Constrains on movement are both intrinsic (i.e. morpho-struc- 
tural and behavioral) and extrinsic (environmental). The loco- 
motion and burrowing techniques employed by different groups 
of invertebrates have been analyzed using different frameworks 
based on experimental work and observation of extant species 
(e.g. Trueman and Ansell, 1969; Trueman, 1975; Ott et al., 1976), 
a combination of modern and body-fossil material (e.g. Savazzi, 
1982) or reconstructed based on the analysis of biogenic struc- 
tures both, modern and ancient (e.g. Seilacher, 1953b; Yochelson 
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and Fedonkin, 1993; Mangano et al, 1999). In recent decades, 
biomechanics and analysis of muscle-skeletal form and function 
have made a major contribution to our understanding of verte- 
brate locomotion and feeding strategies, in particular, in extinct 
groups such as dinosaurs and South American mammals (e.g. 
Vizcaino and Farina, 1999; Vizcaino et al, 2001; Vizcaino and 
De luliis, 2003; Sellers and Manning, 2007; Manning, 2008; 
Manning et al., 2009; Falkingham et al. 2009). 

In invertebrates, only a handful of studies have dealt with the 
issue of defining general categories of locomotion and burrowing 
mechanisms (e.g. Schafer, 1972; Trueman, 1975; Carney, 1981). 
There are essentially three ways of looking at this problem. One 
is an exhaustive documentation of the multiple modes of moving 
on and through the substrate (Schafer, 1972). Another possibil- 
ity is to focus on a reduced number of functional morphological 
traits (i.e. intrinsic constraints) that allow an organism to move 
(Carney, 1981). Finally, it is possible to distil a few archetypal 
mechanisms that can account for the locomotion and burrowing 
capabilities of invertebrates (Trueman, 1975). 

3.3.1 MULTIPLE MODES OF LOCOMOTION: THE 
EMPIRICIST APPROACH 

In a pioneer study on the tidal flats of the Wadden Sea, Schafer 
(1962, 1972) identified 12 mechanisms of locomotion in mar- 
ine invertebrates: amoeboid, ciliar, undulatory, peristaltic, glide- 
crawling, push-and-pull-crawling, bolting, multiple circular 
shoveling, pacing, drilling, chimney climbing, and jumping. 
Although this list is based on extant species, with some adjust- 
ments, it can be extrapolated to understand the production 
of a wide variety of biogenic structures in the fossil record. 
Although a monumental effort, this classification does not 
attempt to be comprehensive. As the focus of this classification 
is providing an analogical link to interpret biogenic structures 
in the fossil record, locomotion mechanisms of nektonic inver- 
tebrates (e.g. jet propulsion) were excluded from this classifi- 
cation (see Trueman, 1975). In practice, many organisms may 
employ a combination of more than one mechanism. 

Schafer’s studies were performed within the framework of 
the so-called actuopaleontology, a research field that involves 
the study of marine benthic ecology from a perspective that 
incorporates a strong paleobiological interest (see Cadee and 
Goldring, 2007, for a historical study). His empirical approach, 
based on decades of meticulous observations in modern tidal 
fiats, remains a classic in marine neoichnology. 

The breadth of this classification is impressive, from both 
organism and substrate standpoints. It aims to cover protozo- 
ans to vertebrates, and softgrounds to hardgrounds. 

Amoeboid locomotion is characterized by the flowing of the 
body. It is performed by protozoans lacking a shell or rigid pel- 
licle. The mechanism is based on the formation of pseudopodia 
as a result of local expansion of the protoplasm, ectoplasm, or 
plasma gel of the protozoan. Locomotion structures produced 
by amoeboid protozoans in soft tidal-flat mud can be more con- 
spicuous than their producers. In the case of foraminiferans, the 
plasma body is enclosed by a rigid shell and locomotion is due 
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to rhizopodia extending out of the shell. Schafer (1962, 1972) 
noted that little empirical support was available, but suggested 
that foraminiferan traces may consist of narrow and deep fur- 
rows in mud; this has been recently corroborated based on 
observations of the deep-sea floor (Matz et al., 2008). 

Another mechanism used by very small organisms is ciliary 
locomotion. In this type of loeomotion cilia project beyond the 
surface of the cell membrane and generate a beat that eommonly 
consists of a movement within a single plane. Because the plane 
of the ciliary beat is diagonal to the longitudinal axis of the body, 
small dilate organisms rotate during locomotion. Forward loco- 
motion is achieved via coordination of cilia by a metachronal 
rhythm, in which a wave of simultaneously beating groups of cilia 
moves from the anterior to the posterior end of the organism. 
Although a ciliary epithelium is common in many multicellular 
animals, ciliary locomotion is only effective in small organisms, 
protozoans, small metazoans, and larvae. Ciliary locomotion 
is common in meio- and microfauna inhabiting the uppermost 
layers of oxygenated sediment. Most of the structures produced 
are not persistent, although ciliary movement is responsible for 
the grain dislocation and displacement involved in cryptobiotur- 
bation. Some gastropods moving on hard substrates use ciliary 
movement to complement to glide-crawling (Trueman, 1975). 

In undulatory movement, propulsion is achieved by sine waves 
that propagate along the body, typically in a single plane. The 
most common type of undulatory motion involves waves travel- 
ing from head to tail as the organism moves forward, but back- 
ward motion can be achieved by reversing the direction of wave 
motion from tail to head. The active contraction on one side of 
the body is responsible for the passive stretching of the oppos- 
ite side. The wavelength is constant at a given time, although it 
may change from time to time. This locomotion mechanism is 
employed by different groups of organisms, such as nematodes, 
nemertines, errant annelids, cephalocordates (lancelets), fish, 
limbless lizards, and snakes (although a more complex vari- 
ant: lateral undulation), moving in a wide variety of substrates, 
from eompletely dry (e.g. thixotropic sand) to fluid (i.e. soupy 
substrate). Undulatory movement is not exclusive to benthic ani- 
mals, but is also employed by nektonic fish. This wide array of 
organisms shares a basic morphology consisting of an elongate 
body, but does not require the presence of an internal cavity (e.g. 
coelom). To move efficiently within the substrate, undulation can 
be used in combination with other mechanisms. For example, the 
polychaete Nereis, shoots its proboscis forward (bolting) while the 
posterior part undulates, helped by the use of large parapodia that 
act as walking legs (pacing) beating a backstroke on the convex 
side and a forward stroke on the concave side (Schafer, 1972). In 
short, nereids can propel themselves through the sediment using 
a combination of three locomotory mechanisms: bolting, undu- 
lating, and pacing. If the sediment is soupy, some animals can 
essentially “swim” through it using pure undulations (Bromley, 
1990, 1996). The sinusoidal ichnogenus Cochlichnus, produced 
by both nematodes and insect larvae (e.g. ceratopogonids), is a 
typical example of a trace fossil produced by simple undulatory 
movement. The sinusoidal trail Undichna is another well-known 
biogenie structure generated by the undulatory movement of 



a fish with the fins touching the sediment-water interface (e.g. 
Anderson, 1976; de Gibert et al., 1999). 

Peristaltic movement characterizes worm-like animals that 
have an elongate body, circular cross-section, and double layer of 
muscles in the body wall. Locomotion is attained by the coordin- 
ation of this double layer of muscles that work antagonistically 
(longitudinal in the inner layer and circular in the outer layer), 
involving contraction of one layer accompanied by relaxation of 
the other. In the simplest situation, the muscles of all segments 
contract at the same time, alternatively thickening or lengthen- 
ing the body. Contraction of the circular muscles reduces the 
diameter and causes the extension of the worm, while recov- 
ery is attained by contraction of the longitudinal ones. In most 
complex cases, the animal stretches and telescopes section by 
section. This mechanism is employed by a wide variety of vermi- 
form organisms displaying an internal cavity, including marine 
polychaetes and earthworms. Waves can move along the body 
to the head (direct waves in Arenicola) or vice versa (retrograde 
waves in earthworms). In contrast to undulatory movement, 
peristalsis requires the presence of an internal cavity essential 
for a hydrostatic mechanism of propulsion. In worms, peristalsis 
can be combined or alternated with other mechanisms, such as 
bolting, pacing, and undulatory movement. In the trace-fossil 
record, peristaltic movement has been inferred for a number 
of vermiform structures (e.g. Planolites), although diagnostic 
indicators of peristalsis are commonly absent. In other cases, 
the presence of constrictions in the burrow boundary suggests 
a deformable body and the use of peristalsis. Perhaps the best 
available evidence of peristalsis is found in ichnotaxa included 
in the ichnofamily Arthrophicidae (i.e. Arthrophycus, Phycodes, 
Daedalus) (Seilacher, 2000). These trace fossils exhibit a distinct- 
ive ornamentation (“fingerprints”) that tell us about the locomo- 
tion mechanism involved: evenly spaced transverse rings visible 
to the bare eye (the “arthrophycid signature”) and fine, submil- 
limetric wrinkles only exceptionally preserved (Seilaeher, 2007a). 
This fine ornamentation was imprinted by the animal cuticle on 
the burrow wall as a result of peristaltic movement. 

Glide-crawling consists of the passage of a series of muscu- 
lar waves along the body or the part of the body responsible 
for locomotion. A fiat morphology or a flat foot that allows 
ample contact with the substrate is essential in glide-crawling. 
This is typically illustrated by gastropods, but also by other 
groups (e.g. turbelarians and nemertines). The gastropod foot 
is a hollow muscular organ consisting of numerous variable 
oriented fibers, which moves over the substrate through waves, 
loeomotion being assisted by mucus secretion. In the trace- 
fossil record, a number of superficial and very shallow struc- 
tures, such as Archaeonassa, have been assigned to gastropods 
employing a glide-crawling strategy (Knox and Miller, 1985; 
Buckman, 1994), although attribution to gastropods has been 
questioned by others (Yochelson and Fedonkin, 1997). Glide- 
crawling is commonly complemented by ciliary movement. 

In push-and-pull-crawling (or the “double-anchor mechan- 
ism”), the penetration and the terminal anchors are applied 
alternately to produce a stepping motion. To work efficiently 
this mechanism requires organisms with an internal fluid cavity. 
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Figure 3.3 Bivalve push-and-pull-crawling (“double-anchor mechan- 
ism”). In this technique, the penetration and the terminal anchors are 
applied alternatively to produce a stepping motion, (a) Wedge foot 
bivalve burrowing cycle: extension of the food, shell opened against the 
sediment providing a penetration anchor (left), followed by contraction 
of adductor muscles and fluidization of the substrate (center), and final 
expansion of the foot (terminal anchor) and protraction of the shell, (b) 
Burrowing cycle in a protobranch bivalve: penetration anchor (left) and 
terminal anchor (right) displaying the open flaps of a split foot. Based on 
Seilacher and Seilacher (1994). 

Bivalves represent the archetypal example, but other mollusks, 
such as gastropods and scaphopods, and many polychaetes 
push and pull, albeit in some cases in combination with other 
mechanisms. In the case of bivalves, the locomotion mech- 
anism is based on rhythmic changes of shape performed by 
a single muscular foot (Trueman, 1966, 1975; Seilacher and 
Seilacher, 1994) (Fig. 3.3a-b). Trueman (1975) reconstructed 
the stages of the digging cycle based on the analysis of film 
and recordings of pressure measured by an eleetronic trans- 
ducer. First, the foot makes a major probe downwards to 
penetrate into the sediment and be able to pull the shell into 
an erected position (initial penetration, see Trueman, 1975). 
Then, the animal moves into the substrate repeating regularly 
a digging cycle (Trueman, 1975) involving a sequence of steps: 
(1) adductors relaxed, siphons are closed (to avoid water 
from passing out during subsequent adduction), and the foot 
is extended into a slender blade-like structure; (2) valves are 
closed by contraction of adductor muscles and water is ejected 
from the mantle cavity through the pedal gape (fluidizing the 
sediment), at the same time a pulse of pressure causes dilation 
of the foot to form a terminal anchor; (3) contraction of foot 
retractor muscles results in the shell being dragged into the sand 
(siphon reopen at the end of retraction); (4) adductor muscles 
relax and the shell reopens (by the energy stored in the liga- 
ment), pressing into the sand to form a penetration anchor, 
and (5) the shell is static and the foot is protracted (plateau 
in cycle curve, Trueman, 1975). The cycle is repeated during 
the entire burrowing period. This digging cycle can be under- 
stood in terms of two phases: the penetration and the terminal 
anchor (Fig. 3.3a-b). During penetration, the foot is extended 
into a slender blade-like structure, the shell acts as a penetration 
anchor by opening the valves to avoid backslippage (Fig. 3.3a). 
Hydrostatic pressure generated by contraction of the adductor 
muscles and closure of the valves produces expansion of the 
foot generating a terminal anchor (Fig. 3.3b). Once a firm foot 
anchorage is obtained, pedal retractors (i.e. shell protractors) 
are contracted and the shell is pulled forward. Anchorage of 
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the foot is generated by a pressure pulse which may produce a 
broad flat area of contact with the sand (e.g. Donax), a bulb- 
ous swelling (e.g. Ensis), or the outward spreading of the cleft 
foot of protobranchs. The locomotion trace Protovirgularia 
commonly associated with the resting structure Lockeia is inter- 
preted as the product of a push-and-pull mechanism by proto- 
branch bivalves (Seilacher and Seilacher, 1994; Mangano et al., 
1998; Carmona et al., 2010) (see Section 1.2.7). Schafer (1972) 
also regarded the locomotion of brittle stars as a variant of a 
push-and-pull mechanism, although it strongly differs from the 
archetypal double anchor mechanism of bivalves (Box 3.2). 

Bolting consists of the forward ejection of a frontal organ. 
This is performed either rapidly as a bolt or slowly pressing into 
the sediment to form a cavity. Bolting is employed by various 
infaunal soft-bodied organisms, such as siphunculids, priapulids, 
and polychaetes, the latter usually in conjunction with peristal- 
tic or undulatory movements. Although biogenic structures pro- 
duced by bolting have been observed in modern environments, 
their recognition in the fossil record is not straightforward. 
However, recent neoichnological experiments suggested that the 
burrow system Treptichnus pedum may be the product of pri- 
apulids employing a bolting mechanism (Vannier et al., 2010). 

Schafer (1972) defined multiple circular shoveling as a mechan- 
ism consisting of the coordinated use of locomotory appendages 
in a circular fashion and associated it with spatangoids and some 
polychaetes. Multiple circular shoveling is essentially performed 
by organisms with rigidly armored bodies and appendages 
equipped with their own musculature. Interestingly, Trueman 
(1975) also affiliated this mechanism to arthropods, including 
echinoids and arthropods within the same group: organisms 
with a hard internal or external skeleton. A classic example 
is illustrated by the burrowing activities of the spatangoids 
Echinocardium cordatum and E. mediterraneum (Bromley and 
Asgaard, 1975; Kanazawa, 1995). Heart urchins have a calcar- 
eous thin test covered by delicate and highly specialized spines, 
perfectly adapted for different tasks during burrowing, sediment 
transport and maintenance of the structure. Spatangoids use the 
spatulate spines on the plastron to propel themselves forwards 
and the spines on the ambitus and aboral part of the test are 
used for digging down and transporting the sediment (mixed 
with mucus) from the frontal part backwards around the body 
(Bromley and Asgaard, 1975). Metachronal waves seem to run 
over the armor from the front and below backward and upward. 
The burrowing activities and feeding habits of E. cordatum and 
E. mediterraneum have been thoroughly investigated by Bromley 
et al. (1995), who convincingly proposed that chemosynthesis is 
a common strategy in some deep-tier burrowing spatangoids. In 
the ichnological record, this mechanism is illustrated by the spa- 
tangoid echinoids ichnogenera Scolicia and Bichordites (Smith 
and Crimes, 1983; Uchman, 1995). Some of these structures are 
constructed in relatively deep, partially dewatered firm substrate, 
completely impregnated with mucus and can preserve scratch 
marks produced by the work of the spines. 

Pacing or stepping results in walking or running. Pacing 
involves the use of mobile supports (i.e. locomotory appendages) 
to allow the body to be carried above and ideally not touching the 
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Box 3.2 The trace-fossil record of ophiuroid movement 

Modem ophiuroid locomotion is quite versatile, the animal being able to move in many possible ways. Flexible arms are a key 
evolutionary innovation of brittle stars, providing freedom of movement exploited in diverse modes of life and feeding strategies 
(Fig. 3.4a-e). Contrary to asteroids (Fig. 3.5a), ophiuroid locomotion is mainly performed by horizontal and vertical undulatory 
movements of the long, flexible arms; the tube feet, protruding from the underside of the arms, playing a subordinate role. Four, 
strong longitudinal museles press the ealcareous vertebra-like segments together achieving joint-like mobile connections between 
them. Freedom of movement is illustrated in feeding strategies (e.g. coiling) and in the rowing action of the muscular arms during 
horizontal locomotion, swimming, and digging. One of the most common locomotion strategies, the so-called walking gait, involves 
four arms organized in two pairs, the two arms of a pair working symmetiieally. The odd arm is located at the front or is trailed 
behind, and does not participate in loeomotion, although may serve as a sensor. Whip-like movements of the arms performed in 
a rowing mode are generated by contraction of longitudinal muscles. WTien the anterior pair of arms swings forwards, the angle 
between them decreases, they are laid down and grip the substrate with their tips providing an anterior anchor. As the arms are 
arched, the body is slightly dragged forward. Then, the posterior pair performs a forward beat. These arms bend as soon as they 
touch the ground, lift the body, and push it forward. As the amplitude of the beat of the anterior arms is typically larger than the 
posterior ones, the front ones pull, and the posterior ones push and lift. In a faster gait, only the anterior pair of arms is used in 
propulsion producing a series of leaps. In Arcichms saltatus, described from the Devonian Hunsriick Slate of Germany, horseshoe 
trace fossils of the anterior arms are arched forwards and those of the posterior arms are lacking, suggesting “ophiuroid jumping”. 
The distanee between eonsecutive horseshoe imprints suggests that the action of the eurrent most likely allowed the producer to be 
carried further than it eould normally leap. Yet another curious biogenic structure, recording another variant of ophiuroid locomo- 
tion, is the hook-shaped or sinuous trace fossil Ophioichnus aysenensis from the Lower Cretaceous Apeleg Formation of Chile. These 
structures are associated with Asteriacites lumhricalis. These ophiuroid trackways were produced by the sculling action of the flexible, 
long arms while the body was held clear off the ground. Ophiuroids are also active burrowers in soft substrates; some of them rest- 
ing shallowly within the sediment, whereas others can inhabit semipermanent structures up to 10 cm deep, extending their arm tips 
above the sediment-water interface (Fig. 3.51). When digging, the animal is fully extended; arms perform lateral undulations while 
the tips remain mostly stationary, anchored to the surface. As a result, the central disc rotates penetrating into the sediment, aided 
by the sweeping action of the disc tube feet. Resting and burrowing activities of brittle stars, mostly in marginal- to shallow-marine 
deposits, are commonly preserved in the trace-fossil record (Fig. 3.4a-e). Specimens of the resting trace Asteriacites lumbricalis with a 
distinct central disc impression or slender vermiform arms, or both, clearly point to an ophiuroid producer. However, irrespective of 
the asteroid appearance, morphotypes displaying proximal expansion of the arms, arm branching, or opened or curling arm tips are 
most likely the work of brittle stars (Figs. 3.4a-e, 3.5b-e). According to this view, the different morphological variants of Asteriacites 
lumbricalis are regarded as “snapshots” of burrowing ophiuroids moving up, down, or laterally as they interacted with the sediment. 
Proximal expansion of the arms and lanceolate shape result from the back and forth rotation of the central disc generated by the 
undulatory movement of the arms, while the tips remained mostly stationary on the surface. Specimens with a deep central impres- 
sion and shallower short arms record a life position in which the disc and proximal arms were completely hidden in the sand, with the 
arm tips extended upwards. Some shallowly impressed structures with transverse delicate ornamentation on the arms or chevron-like 
ornamentation in the central disc-like structure reveal the sweeping action of the tube feet. Evidence of brittle star burrowing behav- 
ior is also displayed by deep, plug-shaped structures showing pentameral symmetry, assigned to the ichnogenus Pentichnus. These 
structures, described from the Carboniferous of Kansas, are interpreted as ophiuroid dwelling burrows (Fig. 3.51). 

References: Seilacher (1953b); Fell (1966); Reese (1966); Maerz et al. (1976); Heddle (1967); Schafer (1972); Sutcliffe (1997); Mangano et at. 
(1999, 2002a); Bell (2004). 



substrate. Appendages capable of pacing are arranged in pairs. 
If substrate conditions are appropriate, appendages imprint 
tracks on the sediment, which are in turn, organized in trackways 
(e.g. Davis et al., 2007). Pacing is mostly employed by terrestrial 
organisms rather than aquatic ones, although limulids and many 
marine crustaceans (e.g. benthic decapods, isopods, notostracans) 
may also use this mechanism if moving on the sediment-water 
interface. In arthropods, the basic limb movements employed 
in paeing consist of combining promotor-remotor swing and 
levator-depressor movements (Trueman, 1975; Manton, 1977). 
While the promotor-remotor swing is implemented by muscles 
from the proximal part of the leg, which pass into the trunk, the 



levator-depressor movements are mostly controlled by intrinsic 
muscles within the leg. In most arthropods, the swing movement 
takes plaee at the proximal end of the limb (i.e. at the coxa-body 
junction) around an axis lying in the transverse plane of the body 
(Manton, 1977). The levator-depressor movement takes place 
at right angles to the promotor-remotor swing and distal to the 
coxa, using one or two pivot articulations situated between leg 
segments. During the forward swing, the leg is outstretched with 
its tip on the substrate at the beginning of the backstroke, half- 
way through the backstroke the leg flexes (if the limb tip is not 
to slip on the ground), and finally it is extended again during 
the latter part of the backstroke (Manton, 1977, Fig. 2.3b). The 
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Figure 3.4 The ophiuroid resting trace Asteriacites lumhricalis from the Upper Carboniferous Rock Lake Shale Member, Stanton Formation, 
Lansing Group. Site south of the Kansas City International Airport, Missouri, central United States. All scale bars are 1 cm. (a) Arm proximal 
expansion recording the burrowing action of the tube feet in the disk area, (b) Assemblage consisting of multiple specimens displaying lateral and 
vertical repetition, resulting from animals trying to escape a sedimentation event. Note asteroid-like specimen (upper right) and structure reminis- 
cent of an ophiuroid with well-defined polygonal disk (upper left), (c) Specimens displaying irregular morphology and multiple arms, produced by 
the superposition of successive impressions due to slight lateral shifting and repositioning, (d) Specimen displaying arms with variable morphology 
resulting from modification during burrowing: some arms are asteroid-like in appearance (upper and lower left arms), but others clearly reveal the 
ophiuroid origin (upper right), (e) Specimen exhibiting a double arm (upper) as result of passive rotation of the disk during arm rowing. The hook- 
like tip also reveals the flexible nature of the ophiuroid arm. 



levator-depressor actions involve the flexure and extension of the 
limb, the limb being firmly pressed on the ground during the pro- 
pulsive backstroke. This results in the forward movement of the 
body. In principle, large angles of swing and long legs can result 
in long strides and fast running. In Onychophora, the shortening 
and extension of the soft, non-articulated limbs during stepping 
is only performed by muscles without joints. 

In a multi-legged organism steady locomotion is most com- 
monly achieved by the existence of a phase difference between 
one leg and the next creating a metachronal rhythm. Successive 
limbs are coordinated so when some swing forward off the ground 
(forward recovery swing), others are pressing backward perform- 
ing the propulsive backstroke. This results in cycles of limb move- 
ment or metachronal waves. The fields of movement of successive 
legs may overlap considerably, but legs themselves do not touch 
one another. The phase difference between one leg (n) and the 
next (n + 1) can range between 0 (both legs are moved synchron- 
ously) and 1 (phase difference is one complete cycle). The swing 
angle, limb length, and phase difference between successive legs 
(or groups of legs) together with the relative duration of the 



forward and backstroke are critical to gait pattern and speed of 
movement. Pacing or stepping represents a slow kind of walking. 
Increased speed turns into running, which involves a more rapid 
succession of paces. The slowest method of walking in arthro- 
pods and polychaetes involves stepping by the limbs or para- 
podia, respectively, while the trunk remains straight (Fig. 3.6a). 
In polychaetes, an increase in speed of pacing is accompanied 
by horizontal undulations of the trunk, which as they increase 
in amplitude lead to a swimming-like motion (Manton, 1977). 
However, in arthropods, trunk undulations tend to be inhibited. 
If undulatory movements are present, they do not contribute to 
locomotion or to an increase in speed of walking or running. The 
appearance of body undulations in centipedes and chilopods 
during their fastest gaits reduces the effective angles of swing of 
the propulsive legs, and, therefore, reduces the speed potential of 
the fastest gaits, wasting energy in lateral movements (Fig. 3.6b). 
Typically, as the relative duration of the backstroke decreases, the 
points of support of the body against the substrate also decrease 
(and are located further apart), and the distance between succes- 
sive propulsive legs increases (compare Fig. 3.6c with Fig. 3.6d). 



3.3 Locomotion and burrowing mechanisms 



51 




Figure 3.5 Asteroid and ophiuroid burrowing mechanisms and resulting biogenic sedimentary structures, (a) Asteroids stay still on the substrate 
with their arms extended and their tube feet projecting from the underside of the arms; arms perform a sweeping action that creates a shallow, 
inflated, flve-rayed hypichnial structure {Asteriacites quinquefolis). (b-f) Wide range of behaviors recorded by extant burrowing ophiuroids. (b) 
Ophiuroid is resting with central disk deeper into the sediment and the tips projected upward. The resulting A. lumhricalis specimen displays a 
deeper central part and short truncated arms, (c) Ophiuroid is undulating its flexible arms in a horizontal plane at the same time as the tube feet 
of the disk area perform a sweeping action. The resulting A. lumbricalis specimen may display curved arm impressions and delicate chevron-like 
ornamentation in the disk area, (d) If the rowing action of the arms continues, the central part is buried into the sediment, the tips moving side- 
ways on the sediment. The resulting A. lumbricalis specimen displays a deeper central area and arms with bifurcated tips, (e) Ophiuroid is migrating 
upwards escaping a rapid sedimentation event. The rowing action of the arms may result in rotation. The resulting A. lumbricalis specimen displays 
multiple superimposed impressions with slight lateral movement, (f) The disk of some burrowing ophiuroids can penetrate more than 10 cm into 
the sediment, generating a plug-shaped structure with pentameral symmetry (Pentichnus gugdhupf). 



In high-speed variants, not only secondary undulations, but also 
abdominal marks indicating unsteady movement, may be present 
(Fig. 3.6b, d). Gait pattern is highly variable, and controlled by 
intrinsie (e.g. limb number and morphology) and extrinsic fac- 
tors (e.g. substrate consistency, slope, temperature). Brady (1947) 
documented variations in arthropod gait patterns in trackways 
preserved in eolian-dune deposits, and related them to variations 
in slope, temperature of the environment, and sand moisture. 
The trace-fossil record hosts abundant evidence of structures 
produced by pacing, including a wide variety of arthropod and 
vertebrate trackways. The list of erected arthropod trackways 
documenting walking and running is impressive. Many of the 



available names, however, require further taxonomic revision, 
including some very common ichnotaxa such as Diplichnites (e.g. 
Buatois et al., 1998b; Minter and Braddy, 2009). Many track- 
way names have been based on poorly preserved material or a 
poor evaluation of the locomotion mechanism and taphonomic 
controls (e.g. substrate consistency). Well-established, distinct 
ichnogenera include: Paleohelcura and Octopodichnus, attrib- 
uted to the work of scorpions or spiders, respectively (Brady, 
1947; Braddy, 1995; Minter and Braddy, 2009); Palmichniwn, 
assigned to the walking of eurypterids (Braddy and Almond, 
1999); Dendroidichnites, related to locomotion by myriapods on 
very soft surfaces (Demathieu et ah, 1992; Buatois et al., 1998a; 
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Figure 3.6 Extant centipede run- 
ning trackways. Centipedes run- 
ning over smoked paper (printed 
in reverse). All tracks 50 mm long, 
(a-b) Tracks of the centipede 
Cormocephalus pseudopunctatus. (a) 
Running at a slow gait. Tracks form 
oblique forwardly directed groups, 
no axial mark, (b) Running at a fast 
gait. Tracks fall on almost the same 
spot, and the stride is so long that 
the animal is unable to hold the 
body off the ground, resulting in 
an axial drag mark, (c-d) Tracks of 
the centipede Lithobius forticatus. 
Black spots are one stride length 
apart, (c) Running at a slow gait, 
stride length 14 mm, approximate 
speed 80 mm/s. Tracks look scat- 
tered, but in fact form a regular 
series. Legs of a pair are in phase, 
(d) Running at a fast gait, stride 
length 21 mm, approximate speed 
280 mm/s. Tracks are grouped into 
four rows per stride length. Legs of 
a pair are in opposite phase (notice 
staggered black spots). Icons of the 
producers on lower right. Based on 
Manton (1977). 



Minter and Braddy, 2009); Lithogmphus, attributed to trackways 
of pterygote insects (Minter and Braddy 2009); and Stiallia, inter- 
preted as the feeding activities of an arthropod (Walker, 1985; 
Buatois et al., 1998a; Minter and Braddy, 2009). However, a cau- 
tious approach in interpreting the producers from trackways is 
needed as emphasized by recent experimental neoichnological 
studies. Davis et al. (2007) demonstrated that a wide range of 
morphologies can produce very similar trackways and, in con- 
trast, one producer can generate trackways potentially attribut- 
able to different ichnotaxa. 

Using what is essentially a modification of the mechanism for 
walking on the substrate, some arthropods are able to burrow 
within the sediment producing structures of variable complexity. 
An excellent example displaying ample representation in the trace- 
fossil record is the ichnogenus Cruziana, commonly, although not 
exclusively, attributable to the combined locomotion and feeding 
activities of trilobites in Lower Paleozoic rocks (Box 3.3). 

Moving into hard substrates, drilling involves penetration in 
a cemented substrate (laterally persistent hardground or isolated 
wood logs or shells). This mechanism is typically associated with 
protection in the case of dwelling structures of boring bivalves 
such as Petricola and Zirphaea, or predation in the case of drill 
holes produced by carnivorous gastropods such as Murex, Natica, 
and Thais. The most general term “bioerosion” is preferred today 
because it includes every form of biological penetration into a 



hard substrate, such as etching, rasping, scraping, and drilling 
(Bromley, 1992). A wide variety of morphologies and ethologi- 
cal types are the product of bioerosion at all scales (see Section 
1.1). Many groups of animals are able to interact with a hard 
substrate producing biogenic structures, including sponges, sip- 
hunculids, polychaetes, phoronids, acrothoracican cirripedians, 
patched gastropods; holothurians, regular echinoids and cephalo- 
pods (Trueman, 1975; Bromley, 1992; Taylor and Wilson, 2003). 
Bioerosion can be performed by mechanical abrasion, chemical 
means, or a combination of both. In the first case, the animals use 
special tools to scrape off tiny particles. In the second case, a scar, 
tube, or cavity is generated by means of a corrosive secretion. As 
a generalization, mechanical bioerosion is mainly performed in 
calcareous substrates, and chemical bioerosion is performed in 
harder substrates. One of the best-known examples of mechani- 
cal drillers is that of pholadid bivalves. These borers employ cycles 
of successive contractions of the anterior and posterior adductor 
muscles, causing the movement of the valves in various direc- 
tions, with consequent abrasion of the walls (Nair and Ansell, 
1968; Trueman, 1975; Roder, 1977; Carmona et al., 2007). The 
valves of rock-boring bivalves have two axes around which they 
can pivot, in such a way that their marginal spines form a series 
of scratch ornaments arranged as if they were a row of chisels 
(Seilacher, 1985). In the ichnological record, structures of bor- 
ing bivalves are represented by the ichnogenus Gastrochaenolites 
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Box 3.3 Trilobite burrowing: the trunk-limb feeding mechanism 

Ichnological and functional-morphological evidence suggest that trilobites display a peculiar locomotion and burrowing strategy, 
which is herein referred to as the trunk-limb feeding mechanism. In fact, trilobites fed as they moved sweeping the sediment with 
their appendages in an inward direction (as opposed to most extant arthropods, such as insects). This mode involved moving 
sediment inward and backward towards the ventral midline. Seratch-mark ornamented bilobate trace fossils, typically preserved 
as hypiehnial ridges on sandstone soles, provide excellent examples in Lower Paleozoic marine rocks. These ribbon-like bilobate 
struetures ornamented by V-shaped striations are commonly assigned to the ichnogenus Cruziana and attributed, although not 
exclusively, to the combined locomotion and feeding activities of trilobites (Fig. 3.7a-e). Rusophycus is a short bilobate structure 
similar to, and in many cases forming compound structures with, Cruziana but recording stationary burrowing for resting, hiding, 
laying eggs, or feeding purposes. Functional analysis of the fine ornamentation of Cruziana and Rusophycus reveals details of the 
ventral morphology of trilobites and its peculiar feeding strategy. Contrary to the excavating strategy of many arthropods that 
move sediment away from under their body in a centrifugal fashion, the delicate scratch marks covering the lobes indicate that 
trilobites swept the sediment towards the ventral midline. Each walking (endopodal) leg describes a trajectory from the marginal- 
external area towards the mid-ventral surface where food is passed, close to the body towards the backwardly opening mouth. As 
multi-legged animals, trilobites use metachronal waves passing from the rear to the front of the organism to efficiently coordinate 
appendage movement. In trackways resulting from steady walking, series of imprints commonly overlap as each metachronal 
wave only advances the body a fraction of its length. In plunging structures or excavations, the coordinated action of the walking 
appendages (endopodites) on the substrate is responsible for the classic V-shaped ornamentation, the “V” opening being in the 
direction of movement. Trilobites lack specialized appendages able to manipulate large food items. In the absenee of mandibles 
and chelipods, trilobites must have only been able to collect small food particles from the sediment (i.e. deposit feeders), using 
the inward sweeping action of their limbs. According to ichnological and anatomical evidence, a microphagous mode of feeding 
was most likely the primary habit, although the close association of some conspicuous Rusophycus with worm structures and the 
hypostome morphology suggest that a macrophagous feeding habit was attainable by some large trilobites. Filter feeding can also 
be inferred as a secondary feeding habit in trilobites based on ichnological evidence. Trilobites possessed biramous undifferenti- 
ated limbs only varying in size along the body, typically with the cephalic appendages being the most robust ones. The inner rami, 
the endopodite (also endite or telopodite), had the primary function of locomotion and assisted in feeding. The function of the 
outer rami, the exopodite (also exite), has been the subject of discussion. In principle, these feathered appendages primarily served 
for respiration purposes and swimming. Dolf Seilacher considered that the feathered exopodites were involved in straining the 
sediment while feeding and occasionally used in swimming. However, Jan Bergstrom proposed that exopodites could have played 
a dominant role in burrowing, with respiration being performed by other soft, non-preserved structures. In his interpretation, 
exopodites were provided with strong lamellar spines rather than soft gill filaments. According to this view, spines are the main 
tools recorded in some well-known Cruziana (e.g. the rugosa group) characterized by multiple (8 to 12) sets of parallel scratches. 
Behind the cephalon, a series of segments articulated with one another permitted dorso-ventral, but not lateral bending of the 
body. Posteriorly, the pygidium was formed by fused segments, each of which carried a pair of biramous legs. These posterior 
legs are typically the smallest in size. This basic body plan allowed trilobites to burrow in different positions, resulting in what has 
been called “segmental variation”. The dorsally flexed attitude records the isoclinal burrowing position, the front and rear ends 
being slightly arched to promote the formation of a flushing current. Head down (prosocline) burrowing resulted in cruzianids 
characterized by conspicuous endopodal scratch marks performed by a few pairs of strong cephalic appendages. In this position, 
scratch marks are wide angled and are transverse to the midline; genal spines, being upwardly directed, are not recorded in bio- 
genic structures. Some trilobites may have used the cephalon margin as a shovel in a way similar to modern xiphosurans. Deep 
prosocline rusophycid structures may show anterior crescentic ridges or exceptionally the impression of the anteriormost anten- 
nae (Fig. 3.8). In contrast, tail down (opisthocline) burrowing involved smaller pygidial endopodites and the brushing of the outer 
rami of the leg (exopodites). Exopodal scratch marks are commonly much more delicate than endopodal scratch marks, present 
at a more external position in relation to the axis (in many cases forming an external lobe, such as in Cruziana semiplicata), and 
tend to be more or less subparallel to the median line. In this position, the backward bend of genal and pleural spines may favor 
the formation of marginal ridges in the biogenic structure produced (Fig. 3.8). 

References: Seilacher (1970, 1985); Eldredge (1970); Bergstrom (1973, 1976). 



(Kelly and Bromley, 1984; Carmona et ah, 2007). Carmona et al. 
(2007) demonstrated that boring bivalves perform the same pat- 
terned behavior to penetrate firm- and hardgrounds, putting 
a cautionary note on recognizing hardgrounds based on the 
presence of the boring Gastrochaenolithes and restricting the 



distribution of this ichnogenus to hard substrates (see Section 
2.7). Other bivalves (e.g. Teredo) are adapted to bore exclusively 
in xylic substrates. They do so by using the valves as boring tools, 
rather than employing them to enclose the soft body. Each valve 
consists of a beak-like front section, a protruding middle section 
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Figure 3.7 Trilobite burrowing and variability in the morphology of 
Cruziana. (a) Cross-sectional view of a trilobite showing first append- 
age segment (CO, coxae) and biramous appendages characterized by 
a strong inner branch (EN, endopodite) and feather-like outer branch 
(EX, exopodite). Some parts of the exoskeleton (gray), such as pleu- 
ral/genal spines (PL), may also be recorded in some Cruziana and 
Rusophycus. (b) Cruziana displaying only endopodal lobes excavated 
by the endopodites (EN). (c) Cruziana exhibiting endopodal lobes 
(EN) and a marginal pleura/genal spine mark (PL), (d) Cruziana dis- 
playing a four-lobe geometry with two internal endopodal lobes (EN) 
adjacent to two external exopodal lobes (EX); pleural spine marginal 
mark may be present, (e) Cruziana displaying prominent axial coxal 
impression, two convex endopodal lobes and a marginal pleural/genal 
spine mark. Based on Seilacher (1970). 



with rows of double pointed teeth, and a back section consisting 
of a smooth end. The activity of wood-boring bivalves is rep- 
resented in the trace-fossil record by the ichnogenus Teredolites 
(Bromley et ah, 1984). The well-known ichnogenus Oichnus is 
recorded by circular to oval holes produced by the predatory 
activity of carnivorous gastropods, although small holes, also 
included in the same ichnogenus, can be generated by octopodes 
to inject poison into their prey (Bromley, 1981, 1993). In addition 



to these classic examples, a large number of borings display- 
ing diverse morphologies are known in the ichnological record 
(Bromley, 1992, 1994, 2004; Taylor and Wilson, 2003). 

Schafer (1972) included chimney climbing as a distinctive 
mechanism involved in the ascending and descending move- 
ment within vertical burrows with mucus-lined or constructed 
walls, although the same behavior should be expected on 
unlined vertical structures in firmgrounds. However, in the case 
of crustaceans or some polychaetes (e.g. Sabellaria), the use of 
appendages or parapodia during climbing is analogous to pac- 
ing or “walking on the walls”. Animals build their burrows with 
the right inner diameter (not too small, not too large) to allow 
for chimney climbing. The construction of sand tubes by the 
polychaete Sabellaria is one of the best-documented examples. 
Sabellaria spinulosa lives freely suspended in its tube, held only 
by three pairs of thoracic parapodia, which are used in locomo- 
tion up and down the tube. The worms settle in colonies form- 
ing large constructions referred to as sand-coral reefs (Ekdale 
and Lewis, 1993). If the internal diameter of the tube is too 
large, contact with the internal surface is insufficient to push 
effectively against the wall and move the body upward. On the 
other hand, if the body fits too tightly within the burrow, climb- 
ing is impossible and usually peristalsis, in the case of worms, 
is used to move up and down the tube (Schafer, 1972). In other 
cases, organisms find an appropriate burrow built by another 
animal, and may occupy it either for protection or to hunt. In 
the trace-fossil record, Skolithos may illustrate strategies such 
as chimney climbing, as well as the crustacean burrow shafts of 
Ophiomorpha and Spongeliomorpha. 

Jumping is a mechanism that requires large amounts of energy 
and is commonly used combined with swimming, walking, or 
running. It is exclusive of vertebrates and arthropods. The adap- 
tations and dynamics involved in jumping are specific to different 
taxa. Most multi-legged animals cannot achieve steady locomo- 
tion by moving all of their legs or all legs of one side of the body 
in unison (Manton, 1977). Large flat thoracic legs of copepods 
are an exception; they move synchronously resulting in intermit- 
tent jumping through the water (Manton, 1977). However, the 
trace-fossil record suggests that several marine benthic arthro- 
pods were able to achieve jumping by multiple legs performing 
a backstroke in unison (Seilacher et ah, 2005; Seilacher, 2007a). 
The oldest record of this jumping mechanism is recorded in the 
Cambrian by Tasmanadia cachii in which subsequent series of 
imprints do not overlap. Instead, they form individualized pat- 
terns that probably correspond to the general outline of the trace- 
maker (Seilacher et ah, 2005). This means that the animal was 
not continuously supported; rather it must have moved in jumps, 
driven by the simultaneous action of all appendages (and most 
likely help by the current). The distinctive Carboniferous track- 
way Orchesteropus atavus also records a similar mechanism, most 
likely produced by “galloping” xiphosuran (Seilacher, 2007a). 
Based on functional morphology analysis, Manton (1977) con- 
cluded that some trilobites (e.g. Olenoides) were able to perform 
multiple-leg jumping. In marginal-marine and terrestrial settings, 
examples of jumping structures attributed to monuran aptery- 
gote insects have been included in the ichnogenus Tonganoxichnus 
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Figure 3.8 Trilobite burrow- 
ing position and the resulting 
biogenic structure. From left to 
right. Isocline resting position, 
Rusophycus displaying dorsoventral 
morphology; coxal and pleural/ 
genal-spine marginal ridge may be 
present in some Rusophycus ichno- 
species. Opisthocline (tail-down) 
burrowing position. Exopodal 
lobes get better representation; 
pleural or genal marginal ridge typ- 
ically present. Prosocline burrowing 
position, endopodal lobes get full 
representation, exopodal markings 
uncommon, head-shield mark may 
be present in some rusophysid ver- 
sions. Based on Seilacher (1970). 



Box 3.4 The jumping of monuran insects 

Superbly preserved trace fossils attributed to monuran insects (an extinct group of archaeognathan apterygote insects) occur 
in late Paleozoic paralic deposits in the United States. In particular, detailed study of specimens from Kansas and New Mexico 
allows the reconstruction of the functional morphology and behavior of their producers. These trace fossils, assigned to the 
ichnogenus Tonganoxichnus, provide evidence of monuran jumping behavior, favoring eomparisons with modern machilid 
archaognathans, as illustrated by the genus Petrobius. The ichnospecies T. ottawensis (Fig. 3.9a) is characterized by a fan-like 
arrangement of mostly bifid scratch marks at the anterior area that records the head- and thoracie-appendage baekstrokes 
against the sediment. The posterior area displays chevron-like markings or small subcircular impressions recording the abdom- 
inal appendages of the animal, ending in a thin straight terminal extension. Specimens display lateral repetition, and are 
commonly grouped into twos or threes with a fixed point at the posteriormost tail-like structure. Tonganoxichnus ottawensis 
is thought to record the ability of these apterygote insects to perform successive lateral jumps with a pivot point at the pos- 
terior tail-like extension. This ichnospecies most likely represents jumping in conneetion with a defensive strategy or feeding 
purposes (i.e. raking the microbial mat). The ichnospecies Tonganoxichnus robledoensis (Fig. 3.9b) has an anterior region 
charaeterized by the presence of a frontal pair of linear imprints, three pairs of lateral linear imprints, a middle medial oval 
imprint, and a posterior elongate axial imprint. Specimens are aligned, suggesting a forward progression via a linear succession 
of jumps. Jump distances were up to eight times body length. Monuran trackways, assigned to the iehnospeeies Stiaria inter- 
media, are elosely associated with the jumping structures. Ichnological evidence indicates that jumping was a common strategy 
in apterygote Paleozoic insects and developed very early in the evolutionary history of insects. 

References: Mangano et al. (1997, 2001a); Braddy and Briggs, 2002; Minter and Braddy (2006a, 2009). 



(Mangano et al., 1997; Braddy and Briggs, 2002; Minter and 
Braddy, 2006a, 2009) (Box 3.4). Interestingly, monuran jump- 
ing trace fossils display similarities with modern archaeognathan 
takeoff structures documented by Sturm (1955). 

3.3.2 BURROWING PRE-ADAPTATIONS: THE 
MORPHO-STRUCTURAL APPROACH 

Another approach to the problem of burrowing mechanisms is 
to look at particular morphological adaptations to burrowing 



displayed by the different organisms (Carney, 1981). This 
approach assumes that burrowing is primarily constrained 
by organism morphology. Based on this assumption, Carney 
(1981) recognized five main morphologies: (1) completely 
soft bodied-lacking significant lateral appendages (e.g. some 
annelids and most worm-like organisms, almost all coelenter- 
ates, some holothurians, shell-less mollusks); (2) completely 
soft bodied with significant lateral appendages (e.g. annelids 
with large parapodia, most holothurians); (3) soft bodied with 
partial rigid external covering (e.g. most benthic mollusks. 
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Figure 3.9 The ichnogeiius Tongan- 
oxichnus as evidence of jumping 
behavior in late Paleozoic monuran 
insects, (a) Tonganoxichnus otta- 
wensis. Upper Carboniferous, 
Tonganoxie Sandstone, Stranger 
Fomation, Buildex Quarry, 
Kansas, central United States. See 
Mangano et al. (1997). Scale bar is 
1 cm. (b) Tonganoxichnus rohle- 
doensis. Upper Permian, Robledo 
Mountains, Robledo Mountains 
Formation, southern New Mexico, 
southern United States. See Minter 
and Braddy (2006). Scale bar is 2 cm. 



inarticulate brachiopods); (4) completely rigid external cover- 
ing with numerous flexible appendages (e.g. most arthropods, 
echinoids), and (5) externally soft animals with some rigid 
internal structure (e.g. vertebrates, pennatulid coelenterates). 

From an ichnological and functional standpoint, this mor- 
pho-structural classification is hard to adopt. For example, 
although large parapodia may be involved in locomotion, their 
presence or absence is not generally a determinant of the pri- 
mary mechanism of locomotion involved. Also, the presence of 
a shell implies an additional cost of energy for locomotion, but 
does not itself determine the adopted burrowing mechanism. 
Regardless of the presence of the shell, the burrowing mechan- 
ism is controlled by the deformable body of the mollusk, result- 
ing in the double anchor mechanism. In fact, this mechanism 
is employed by many animals lacking a shell (e.g. polychaetes). 
Finally, although both echinoids and arthropod exhibit multiple 
appendages coordinated in metachronal waves, the burrowing 
mechanisms are remarkably different, as clearly evidenced by 
the biogenic structures produced. 

3.3.3 IN SEARCH OF A UNIVERSAL MECHANISM: 

THE RATIONALIST APPROACH 

A different approach to the problem of locomotion is to search 
for a universal mechanism that essentially results from very 
basic mechanical principles. This has been the approach under- 
taken by Trueman (1975) and, although it may be termed a 
“rationalistic approach” (in the sense of being a major gen- 
eralization based on inferential reasoning), it is firmly rooted 



in a well-founded experimental tradition (e.g. Ansell and 
Trueman, 1968; Trueman, 1966, 1967, 1968a, b, 1971; Trueman 
and Ansell, 1969). The underlying hypothesis to this approach 
is that despite the many morphological plans and particular 
locomotion techniques used by invertebrates, there are just 
a few basic principles involved in animal locomotion. These 
first principles are explained in terms of basic physical laws, 
such as the Newtonian laws of movement and the principles of 
hydraulics (Trueman, 1975; Barnes et al, 1993). For example, 
Newton’s third law established that for any action there is a 
reaction of the same magnitude but in the opposite direction. 
In ichnological terms, this means that, for example, when an 
organism attempts to penetrate the substrate by a propeller 
force (action), this is balanced by the substrate frictional resist- 
ance (reaction). The organism will only be able to move if an 
efficient anchoring system is created (e.g. the penetration and 
terminal anchors) to overcome substrate resistance. 

According to Trueman (1975), the animal locomotory system 
can be subdivided into three main components, engine, trans- 
mission, and propeller. In the engine, the chemical energy is con- 
verted into mechanical energy due to contraction of the muscles. 
This energy is transmitted to the propeller by means of a sys- 
tem of levers in the case of organisms with hard parts (mech- 
anic transmission) or through the fluids of a hydrostatic system 
in soft-bodied organisms (hydraulic transmission). The propeller 
is the part of the organism that is in contact with the substrate 
and, therefore, becomes the visible element acting in animal-sub- 
strate interaction. In vertebrates and arthropods, the propeller is 
commonly a specialized structure (rigid propeller), while in soft- 
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bodied invertebrates or invertebrates that use soft processes of 
the body in locomotion, the propeller is generally represented by 
part of the corporal mass, such as the proboscis of a polychaete 
or muscular foot of a bivalve (deformable propeller). 

Based on these elements, Trueman (1975) identified one univer- 
sal mechanism: the double-anchor or push-and-pull mechanism 
(see Section 3.3.1), involving all soft-bodied invertebrates with a 
hydrostatic or fluid skeleton; in other words, all invertebrates with 
a body cavity containing incompressible fluid that functions as a 
hydraulic system. In such a system, a force generated by muscle 
contraction is transmitted to another region of the body where 
it may be used in locomotion. This soft-bodied group includes 
animals that are completely soft, such as most worms and sea 
anemones, and animals that utilize soft processes of the body to 
burrow, such as bivalves. A circular cross-section is ideally suited 
to penetrate and move through the substrate using the double- 
anchor mechanisms as the body wall is in contact with the sub- 
strate in all directions and muscles may contribute in locomotion 
without loss of anchorage. The body cavity used differs accord- 
ing to the phylum: coelenteron in Cnidaria, coelom in Annelida, 
and haemacoel in Mollusca (e.g. bivalves). Organisms with some 
rigid skeletal support (e.g. sea urchins, arthropods, and verte- 
brates) constitute a second group or organisms. Members of this 
functional group require an exo- or endoskeleton to allow mus- 
cular antagonism (e.g. flexor-extensor). These invertebrates with 
rigid skeleton, are unable to attain deformation of any soft part 
of the body and the propeller force is applied directly by muscles 
incepted in the inner zone of the exoskeleton. 

3.4 MOVEMENT ECOLOGY 



In recent years, movement ecology has been introduced in an 
attempt to generate a unifying paradigm for studying movement 
of all types of organisms within a broader framework (Nathan 
etal., 2008) . The approach undertaken consists of the formulation 
of basic principles to link empirical and theoretical movement 
studies. The four principles proposed aim to address the internal 
state (why move?), motion (how to move?), and navigation (when 
and where to move?) capacities of the individual, as well as the 
influence of external factors (Nathan et al., 2008; Holyoak et ah, 
2008). The internal state accounts for physiological and/or psy- 
chological motivations that determine why to move. This implies 
proximate (i.e. ecological), such as searching for food, avoiding a 
predator, and flnding a mate, and ultimate (i.e. evolutionary), such 
as minimizing energy cost and surviving payoffs. Motion capaci- 
ties reflect the biomechanical abilities to move, embracing the 
multiple modes of locomotion (e.g. push-and-pull, pacing) that 
determine how to move (see Section 3.3). Navigation capacities 
are displayed by mobile animals using their sensory and cognitive 
traits to obtain and process information about the environment, 
and to determine when and where to move. In doing so, animal 
movement includes interaction with the external environment, 
encompassing biotic factors (e.g. presence of resources, competi- 



tors, mates, predators) and abiotic factors (e.g. flow of water or 
air, presence of obstacles, light, oxygen). 

Many of the previous proposals analyzed (see Sections 3.3.1 
and 3.3.3) focused on the biomechanics of movement. The 
movement ecology paradigm complements other approaches 
to movement, such as those of the biomechanical, cognitive, 
random, and optimality paradigms. Of these, the optimality 
paradigm has a relatively strong tradition in ichnology (e.g. 
Raup and Seilacher, 1969; Papentin, 1973; Hammer, 1998; 
Hayes, 2003; Plotnick and Koy, 2005; Koy and Plotnick, 2007, 
2010), while a few studies have adopted the perspective of 
the random paradigm (Kitchell et al., 1978a; Kitchell, 1979; 
Hofmann, 1990). Ichnological studies are commonly framed 
within optimal foraging theory, which assumes that organisms 
are driven by a tendency to maximize net energy gained per 
unit of time feeding (e.g. Schoener, 1987). While foraging, ani- 
mals are guided by a set of basic reactions, namely stropho- 
taxis, phobotaxis, and thigmotaxis (Richter, 1928; Raup and 
Seilacher, 1969). Strophotaxis is a proclivity to make U-turns 
so that the animal turns around 180° at intervals. The length of 
the animal determines the geometry of the turn. Phobotaxis 
keeps the organism from crossing its own and other trails. 
Thigmotaxis makes the animal stay in close contact with a 
former trail. Based on these principles, computer simulations 
have been developed to reproduce foraging patterns (e.g. Raup 
and Seilacher, 1969; Hammer, 1998). Meandering and spiral 
trails can be understood as paths resulting from an organism’s 
response to the perceived spatial distribution of resources (Koy 
and Plotnick, 2010). Neoichnological experiments have been 
recently designed to evaluate animal movements as a response 
to the location, shape, and density gradient of food patches 
(Koy and Plotnick, 2010). Optimal foraging theory consid- 
ers that foraging patterns are intrinsically controlled by a ser- 
ies of commands written in the genetic code of the organism. 
However, more recent studies have emphasized that patchiness 
in resource distribution is a strong control on foraging move- 
ment and path morphology. Organisms interact with the envir- 
onment using their sensory and cognitive traits (navigation 
capabilities) to explore the landscape and detect spatial hetero- 
geneity (see Section 6.8). 

More recently, there have been attempts to apply ideas derived 
from movement ecology to the study of the fossil record by 
introducing so-called “movement paleoecology” (Dornbos et al, 
2009; Plotnick, 2009). This approach may help to place ichno- 
logical studies into a broader theoretical framework, including 
both internal and external determinants of movement. Although 
the extrapolation of ecological frameworks to the fossil record 
always represents a challenge, adapting conceptual tools from 
ecology (e.g. the guild) has historically expanded the explanatory 
potential of ichnology. As in the case of the notion of complex 
trace fossils and extended organisms, movement paleoecology 
represents an approach that is worth exploring. Further work is 
needed in order to realize its potential, and to demonstrate how 
it can illuminate our understanding of the trace-fossil record. 



4 The ichnofacies model 



Anyone can make the simple complicated. Creativity is making the complicated simple. 

Charles Mingus 
Unsourced quote 



Ichnofacies stand today as one of the most elegant but widely misunderstood concepts in ichnology. 

Robert Frey, George Pemberton, and Thomas Saunders 
“Ichnofacies and bathymetry: a passive relationship” (1990) 



The ichnofacies model was introduced in a series of papers 
originally published in German by Seilacher (1954, 1955b, 
1958, 1963b), and later expanded into English (Seilacher, 
1964a, 1967b). In doing so, he created from a series of appar- 
ently disparate worldwide observations an elegant and coher- 
ent conceptual model. This body of work resulted in the first 
paradigm in ichnology, and transformed this field of research 
from a parochial discipline practiced by a few into a mainstream 
paleontological and geological science with a rich conceptual 
framework and multiple fruitful applications. Subsequently, the 
model was refined and expanded in a series of papers (e.g. Frey 
and Seilacher, 1980; Bromley et ah, 1984; Frey and Pemberton, 
1984, 1985, 1987; Bromley, 1990, 1996; Pemberton e? a/., 1992b; 
Bromley and Asgaard, 1993a; Lockley et al., 1994; Buatois and 
Mangano, 1995b, 2009; Gibert et al., 1998, 2007; Genise et al., 
2000, 2010a; Ekdale et al., 2007; Hunt and Fucas, 2007; Minter 
and Braddy, 2009), remaining at the core of ichnology, both as 
a theoretical framework and as a tool. The aim of this chap- 
ter is to provide an updated review of the ichnofacies model, 
addressing not only marine softground and substrate-controlled 
ichnofacies, but also invertebrate and vertebrate continental 
ichnofacies. Vertebrate ichnofacies are still in flux and what is 
presented herein should be understood as a preliminary “state- 
of-the-art” rather than a consensus view on the matter. 



4.1 THE ICHNOFACIES CONCEPT 



In our definition (Box 1.1), Seilacherian or archetypal ichno- 
facies are conceptual constructs based on the identification of 
key features shared by different ichnocoenoses of a wide range 
of ages formed under a similar set of environmental conditions. 
A key component of any ichnofacies is their archetypal nature, 
being both individual ichnofacies and, at a different scale, the 
ichnofacies model, conceptual constructs. Ichnofacies is not 
simply a concept. The notion of ichnofacies itself involves a 



group of concepts that are linked and interrelated providing a 
new meaning. The elaboration of an ichnofacies involves two 
steps: (1) the distillation process or selection of key features (e.g. 
dominant ethologies, ichnodiversity levels, feeding strategies) 
within a representative sample of ichnocoenoses of different 
ages, and (2) the articulation of these key features with ecologic 
factors and depositional processes. Any potential ichnofacies 
should be based on a series of examples carefully selected from 
the ichnological record, rather than a mere list of theoretical 
assemblages or documentation of local examples. 

Seilacherian archetypal ichnofacies should not be confused 
with and should not be replaced by ichnocoenoses (see Box 1.1). 
An ichnocoenosis refers to a group of biogenic structures that 
results from the work of a single community and, therefore, is 
a very different concept than ichnofacies, and is applicable to 
different scale analysis (Bromley, 1990, 1996). Occasionally, 
the term “ichnofacies” has been used at a different scale. For 
example, Fockley et al. (1987) introduced the Curvolithus ichno- 
facies, but specified that this may be better understood as a sub- 
division of the Cruziana ichnofacies (see also Bromley, 1990, 
1996). Another related concept is ichnosubfacies, which has 
been used mostly in the context of deep-marine ichnofaunas 
(e.g. Uchman, 2009). 

As noted by Pemberton et al. (1992b), the ichnofacies model 
is analogous to facies models and, accordingly, archetypal 
ichnofacies are produced through a “distillation” process that 
concentrates the diagnostic features of various ichnofaunas 
and eliminates the local peculiarities or the “noise” of the 
particular examples (Walker, 1984). As in the case of facies 
models, an ichnofacies serves as a norm for purposes of com- 
parison, framework, and guide for future observations, predic- 
tor in new situations, and basis for interpretation. Of course, 
at a local scale, discrete ichnofacies may be subdivided into 
different assemblages with paleoecological and paleoenviron- 
mental implications, integrating sedimentological and ichno- 
logical datasets (MacEachern et al., 1999a; Mcllroy, 2004a). In 
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Psilonichnus ichnofacies 




1 . Psilonichnus 

2. Coenobichnus 

3. Celiicaiichnus 

4. Root traces 

5. Macanopsis 

6. Vertebrate traces 

7. Arthropod tracks and trails 



Figure 4.1 Schematic reconstruc- 
tion of the Psilonichnus ichno- 
facies. 



shallow-marine clastic successions, this approach has resulted 
in models of onshore-offshore ichnofacies gradients that have 
been extremely useful in refining environmental zonations (e.g. 
MacEachern et al., 1999a). Similar subdivisions have been sug- 
gested for tide-dominated shorelines (Mangano and Buatois, 
2004a). Additionally, the incorporation of concepts and meth- 
ods derived from the ichnofabric approach, such as the recog- 
nition of the taphonomic factors involved in the shaping of 
particular ichnofacies (Bromley and Asgaard, 1991), should 
be taken into account to produce more robust models. Based 
on these ideas, Bromley and Asgaard (1991) noted that some 
ichnofacies are closely related to biofacies, while others are 
more akin to taphofacies. 

Ichnofacies has been historically established based on 
invertebrate ichnotaxa. Exceptionally, vertebrate trace fossils, 
such as the fish trail Undichna, were noted as common in 
the freshwater Mermia ichnofacies (Buatois and Mangano, 
1995b), and various vertebrate trackways are documented 
in the Psilonichnus and Scoyenia ichnofacies (e.g. Frey and 
Pemberton, 1986). More recently, attempts have been made 
to establish ichnofacies based on vertebrate trace fossils 
(Lockley et ah, 1994; Hunt and Lucas, 2007). Hunt and Lucas 
(2007) noted the existence of two traditions in ichnology, the 
ethological and the biotaxonomic. Invertebrate ichnologists 
mostly use an ethological approach characterized by nam- 
ing structures based on the behavior represented. This is the 
most standard practice in ichnology. However, vertebrate 
ichnologists commonly apply a biotaxonomic approach, 
attempting to relate trackways to the taxonomy of the pro- 
ducer. Ichnologists working with insect trace fossils in pale- 
osols represent a departure from this dichotomy because they 
commonly employ a taxonomic approach (e.g. Genise, 2004). 



Accordingly, Hunt and Lucas (2007) noted that invertebrate 
ichnofacies are ethoichnofacies, while vertebrate ichnofacies 
are biotaxonichnofacies. Ichnofacies fall broadly into four 
main categories: softground marine ichnofacies, substrate- 
controlled ichnofacies, continental invertebrate ichnofacies, 
and vertebrate ichnofacies. The rest of this chapter is mainly 
devoted to analyzing each of these ichnofacies. 

4.2 SOFTGROUND MARINE ICHNOFACIES 



Softground marine ichnofacies are probably the most trad- 
itional ichnofacies, and have been the focus of the majority 
of ichnological research until the recognition of the sequence- 
stratigraphic significance of substrate-controlled ichnofacies 
(Pemberton et al., 1992b). Five archetypal softground marine 
ichnofacies are recognized at present: Psilonichnus, Skolithos, 
Cruziana, Zoophycos, and Nereites. 

4.2.1 PSILONICHNUS ICHNOYACmS 

The Psilonichnus ichnofacies is a subsequent addition to the set 
of Seilacherian ichnofacies, and was introduced by Frey and 
Pemberton (1987). This ichnofacies has been further explored 
in more recent papers (e.g. Nesbitt and Campbell, 2006; Netto 
and Grangeiro, 2009). It characterized by: (1) dominance of 
vertical J-, Y-, or U-shaped dwelling burrows produced by ghost 
crabs; (2) presence of small, unlined vertical dwelling burrows 
with bulbous basal cells produced by arachnids and insects; (3) 
local presence of vertebrate trackways and invertebrate trails 
and trackways; (4) root traces; (5) coprolites; (6) low ichnodi- 
versity; and (7) low abundance (Fig. 4.1). 
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Figure 4.2 Psilonichnus upsilon 
in eolian calcarenites. Holocene, 
Hanna Bay Member, Rice Bay 
Formation, Hanna Bay, San 
Salvador Island, Bahamas, (a) 
Holotype preserved, (b) Inclined 
shaft with partially preserved 
branching. All scale bars are 20 
cm. See Curran (2007). 



The most common component of this ichnofacies is, by far, 
the ichnogenus Psilonichnus (Fig. 4.2a--b), which is produced 
by ghost crabs of the family Ocypodidae and includes several 
ichnospecies (Frey et al., 1984a; Frey and Pemberton, 1987; 
Mynt, 2001, 2007; Nesbitt and Campbell, 2002; Netto and 
Grangeiro, 2009). Arachnid and insect burrows are currently 
assigned to Cylindricum or Skolithos. Stellate nests of halic- 
tid bees (Cellicalichnus) may also occur (Curran and White, 
2001; Curran, 2007). More rarely, trackways of land hermit 
crabs (Coenobichnus) are present (Walker et ah, 2003). There is 
a remarkable disparity between the relatively rich assemblages 
observed in modern environments, and the poorly diverse 
ichnofaunas preserved in the fossil record. Modern examples 
of the Psilonichnus ichnofacies contain incipient Archaeonassa, 
Protovirgularia, Lockeia, Gordia, and various trackways. 
Invertebrate tracemakers include gastropods, bivalves, worms 
and arthropods. Vertebrate structures include rodent and rep- 
tile burrows, and reptile, mammal, and avian trackways. All 
these invertebrate and vertebrate traces are rarely preserved 
in the fossil examples, clearly revealing very low preservation 
potential (MacEachern et al., 2007a). Trophic types mostly 
include scavengers, deposit feeders, predators, and herbivores 
(Frey and Pemberton, 1987). Halophyte plants may occur in 
these coastal settings and are represented in the ichnological 
record by abundant root traces (Curran, 2007). 

The Psilonichnus ichnofacies is linked to remarkable varia- 
tions in energy, grain size, and salinity. In addition, it is associ- 
ated with subaerial exposure, periodic influx of freshwater due 
to precipitation, and storm surges (Frey and Pemberton 1987). 
This ichnofacies indicates transitional conditions between mar- 
ine and continental settings. According to MacEachern et al. 
(2007a), marine conditions usually prevail during spring tides 
and storms, while continental processes (mostly eolian) are 
dominant during neap tides and non-storm periods. In terms of 
specific depositional environments, the Psilonichnus ichnofacies 
is typical of coastal environments, both carbonate and clastic, 
including barrier islands, strand plains, delta plains, estuaries. 



lagoons, and bays. Within these settings it may be present in 
backshore areas, washover fans, coastal dunes and suprati- 
dal flats (Frey and Pemberton, 1987) (see Sections 7.1.1 and 
11.1.1). Low diversity and abundance of trace fossils is related 
to the stressful conditions dominant in these environments, 
and to a taphonomic overprint resulting from low fossilization 
potential. Stressful conditions also promote the presence of 
opportunistic organisms, rather than climax faunas. 

The Psilonichnus ichnofacies can be subdivided in landward 
and seaward associations. The landward association tends to be 
dominated by insect and arachnid burrows and nests, while the 
marine association is commonly monospecific and composed of 
Psilonichnus (Curran, 2007). The landward association grades 
towards the continent into freshwater and terrestrial ichno- 
facies, namely the Scoyenia ichnofacies and the Coprinisphaera 
or Termitichnus ichnofacies, depending on the nature of the 
plant formations in the coastal plain. In carbonate shorelines, 
the Psilonichnus ichnofacies grades into the Celliforma ichno- 
facies. The seaward association is replaced by the Skolithos 
ichnofacies in a seaward direction, this transition being rela- 
tively abrupt, at least as encountered in modern environments 
(Frey and Pemberton, 1987). 

Due to its low diversity, recognition of the Psilonichnus ichno- 
facies is in practice, unfortunately, closely linked to the identifi- 
cation of the eponymous ichnogenus. This is complicated by the 
fact that ghost crabs and their burrows are unknown in pre-Cre- 
taceous rocks. Therefore, recurrence of the Psilonichnus ichno- 
facies is much lower than that of the other marine softground 
ichnofacies and even of that of the freshwater ichnofacies. 

4.2.2 SKOLITHOS ICHNOPACWS 

The Skolithos ichnofacies is one of the original ichnofacies 
introduced by Seilacher (1963b, 1967b) as the Skolithos facies, 
and subsequently systematized in a series of papers (e.g. Frey 
and Seilacher, 1980; Frey and Pemberton, 1984, 1985). It is 
characterized by: (1) dominance of vertical, cylindrical, simple 
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SkolHhos Ichnofacies 




1 * Skollthos 
2 > Ophiomorpha 
3 > AmnicolHas 
4 - Diplocraterion 



Figure 4.3 Schematic reconstruc- 
tion of the Skolithos ichnofacies. 




Figure 4.4 Examples of typical 
components of the Skolithos ichno- 
facies. Note dominance of vertical 
burrows and very low ichnodiversity. 
(a) Outcrop expression. Skolithos 
linearis (Sk) and Diplocraterion 
parallelum (Di). Lower Cambrian, 
Lake O’Hara Member, St. Piran 
Formation, Gog Group, Fairview 
Mountain, southern Canadian 
Rocky Mountains. Scale bar is 10 
cm. See Desjardins eta/. (2010a). (b) 
Outcrop expression. Ophiomorpha 
borneensis. Lower to Middle 
Miocene, Gaiman Formation, 
Bryn Gwyn Paleontological Park, 
Patagonia, southern Argentina. 
Lens cap is 5.5 cm. See Scasso and 
Bellosi (2004). (c) Core expres- 
sion. Ophiomorpha nodosa. Middle 
Eocene, Pauji Formation, Motatan 
Field, Maracaibo Basin, western 
Venezuela. Core width is 6 cm. See 
Delgado et al. (2001). 



or U-shaped dwelling burrows of suspension feeders and pas- 
sive predators; (2) presence of spreiten U-shaped equilibrium 
burrows and escape traces; (3) abundance of three-dimensional 
burrow systems dominated by vertical components; (4) scarcity 
of horizontal traces produced by a mobile fauna; (5) low ichno- 
diversity; and (6) variable abundance (Figs. 4.3 and 4.4a-c). 

The most common ichnogenera of the Skolithos ichnofacies 
are Skolithos, Ophiomorpha, Arenicolites, and Diplocraterion. 
Conichnus and Bergaueria may occur locally. Typical producers 
are polychaetes, siphunculids, crustaceans, and sea anemones. 



Horizontal traces, although common in modern occurrences, 
are not preserved in fossil examples of the Skolithos ichnofacies, 
due to intense erosion that only allows preservation of deeper 
vertical burrows. Preservational bias reveals the importance 
of taphonomic factors in the final shaping of the ichnofacies 
(Bromley and Asgaard, 1991). 

Dominance of vertical burrows of suspension feeders reveals 
high abundance of organic particles that are kept in suspension 
in the well-oxygenated water column by waves and currents. 
However, some U-shaped burrows commonly lacking spreite 
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may be produced by a deposit-feeding infauna (Bromley, 1990, 
1996). Other animals clearly display passive predation strategies 
seeking refuge within the burrow and preying on other organ- 
isms that are caught by the tentacles and carried to the mouth 
(Ruppert et al., 2004). Deep emplacement of most of these 
burrows suggests relatively high energy and intense erosion. 
Erosion is also revealed by the common presence of truncated 
burrows. Spreite in U-shaped burrows may be either protrusive 
or retrusive, and develop in response to substrate aggradation 
or degradation, representing equilibrium structures. Under con- 
ditions of episodic sedimentation, escape traces develop. The 
predominance of vertical components over horizontal compo- 
nents indicates relatively high energy (Howard and Frey, 1984; 
Anderson and Droser, 1998). Burrows are permanent domiciles, 
which are lined to preclude collapse in shifting and soft sandy 
substrates that serve mainly as anchoring media (MacEachern 
et al, 2007a). Low ichnodiversity, typically monospecific occur- 
rences, reflects stressful conditions related to relatively high 
energy. Trace-fossil abundance is highly variable. Some deposits 
containing the Skolithos ichnofacies are sparsely bioturbated 
revealing short-term colonization windows. In contrast, other 
deposits are pervasively bioturbated forming Skolithos pipe 
rock (Droser, 1991; Desjardins et al, 2010a). 

In terms of depositional settings, the Skolithos ichnofacies is 
typical of foreshore to upper- and middle-shoreface environments 
of wave-dominated shorelines. In these wave-dominated systems, 
the Skolithos ichnofacies grades seawards into the Cruziana 
ichnofacies (see Section 7. 1). However, similar conditions to that 
of nearshore settings also occur in a wide variety of sedimentary 
environments. Also in wave-dominated clastic environments, the 
Skolithos ichnofacies may be present displaying post-depositional 
suites in tempestites emplaced in deeper positions, typically lower 
shoreface to lower offshore, where they record opportunistic col- 
onization of sandy substrates (e.g. Vossler and Pemberton, 1988). 
In the case of tide-dominated shorelines, the Skolithos ichno- 
facies typically occur in subtidal sandbars to lower-intertidal 
sand flats depending of the tidal regime and, therefore, grade 
landwards into the Cruziana ichnofacies (Mangano and Buatois, 
1999b, 2004a) (see Section 7.2). The Skolithos ichnofacies may 
also occur in numerous marginal-marine environments, com- 
monly in areas of moderately high energy, such as delta fronts, 
sandy bars and spits, tidal inlets, flood and ebb tidal deltas, sandy 
bay margins, estuary-mouth complexes, and bay-head deltas 
(MacEachern et al, 2007a). However, these settings are usually 
associated with additional stress conditions due to salinity fluc- 
tuations and water turbidity and, therefore, the Skolithos ichno- 
facies displays even lower diversity than in their fully marine 
counterparts (see Chapter 8). The Skolithos ichnofacies is also 
present in deep-marine turbidite systems, commonly in channels 
and lobes of proximal to middle areas which are characterized by 
high energy, shifting sandy substrates, rapid deposition, high ero- 
sion, and good oxygenation, therefore mimicking conditions in 
shallow-marine zones (Crimes, 1977) (see Section 9.2). However, 
typical shallow-water forms (e.g. Ophiomorpha, Skolithos) are not 
restricted to the most proximal zones of deep-sea systems, but 



also occur in distal zones, if these are affected by turbidity cur- 
rents (Uchman, 1991a). The presence of simple and U-shaped 
burrows in high-energy sites of continental systems, such as flu- 
vial channels and lacustrine deltaic mouth bars, may indicate 
that the Skolithos ichnofacies also occurs in freshwater settings 
(Buatois and Mangano, 1998, 2004a) (see Sections 10.2 and 10.3). 
The broad spectrum of depositional environments in which the 
Skolithos ichnofacies may occur reflects the opportunistic nature 
of this ichnofacies. 

The Skolithos ichnofacies may be subdivided in order to refine 
paleoenvironmental zonations. Bromley and Asgaard (1991) have 
even suggested the possibility of distinguishing two different 
ichnofacies. In this scheme, the Skolithos ichnofacies character- 
izes fair-weather conditions in nearshore, continuously agitated 
waters, while the Arenicolites ichnofacies is typical of opportun- 
istic colonization of episodic sandstone beds (tempestites and tur- 
bidites). However, it has been noted that the archetypal Skolithos 
ichnofacies can accommodate this variability (Pemberton et al, 
1992d; 2001; Goldring, 1993). MacEachern et al. (2007a) sug- 
gested subdivisions of the Skolithos ichnofacies according to 
proximal-distal trends. These authors indicated that while the 
archetypal Skolithos ichnofacies characterizes proximal environ- 
ments, a distal expression can also be recognized. Although still 
dominated by suspension burrows, the distal Skolithos ichnofacies 
includes some structures produced by detritus and deposit feeders 
(e.g. Cylindrichnus, Rosselia). Within this framework, the distal 
Skolithos ichnofacies is considered intergradational with proximal 
expressions of the Cruziana ichnofacies in wave-dominated set- 
tings. Under conditions of very high energy, such as those typical 
of the foreshore and upper shoreface in wave-agitated beaches, 
the archetypal Skolithos ichnofacies is replaced by an assemblage 
dominated by the ichnogenus Macaronichnus (Pemberton et al, 
2001) (see Section 7.1.2). Furthermore, distinction between shal- 
low and deep occurrences of the Skolithos ichnofacies may be 
possible. Ongoing studies suggest that taxonomic assignments at 
ichnospecific level may help to distinguish the composition of the 
Skolithos ichnofacies in shallow- and deep-marine environments. 

The Skolithos ichnofacies is known since the Cambrian, 
although it is not present in earliest Cambrian rocks (Mangano 
and Buatois, 2007). This ichnofacies has experienced varia- 
tions in taxonomic composition through the Phanerozoic. The 
most notable one is the common replacement of Skolithos by 
Ophiomorpha as the dominant form in post-Paleozoic occur- 
rences, probably reflecting the Mesozoic radiation of decapod 
crustaceans (Carmona et al, 2004). 

4.2.3 CRUZIANA ICHNOFACIES 

The Cruziana ichnofacies originated from recurrent trace-fossil 
assemblages observed by Seilacher (1954, 1955b, 1958) in what 
were called molasse deposits, and was subsequently referred to 
as the Cruziana facies of the original ichnofacies model (e.g. 
Seilacher, 1963b, 1964a, 1967b). More formal definitions were 
provided by Frey and Seilacher (1980), and Frey and Pemberton 
(1984, 1985). It is characterized by: (I) dominance of horizontal 
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Cruziana ichnofacies 




1 . Arthrophycus 

2 . Phy codes 

3 . Rhizocorallium 

4 . Teichichnus 

5 . Arenicolites 

6 . Rosselia 

7 . Bergaueria 

8 . Thalassinoides 

9 . Lockeia 

10 . Protovirgularia 

1 1 . Curvolithus 

12 . Dimorphichnus 

13 . Cruziana 

14 . Rusophycus 




Figure 4.5 Schematic reconstruc- 
tion of the Cruziana ichnofacies. 




Figure 4.6 Examples of the Cruziana ichnofacies. Note dominance of horizontal structures and high ichnodiversity. (a) Outcrop expression. 
Base of sandstone slab containing Curvolithus simplex (Cs), Curvolithus multiplex {Cm), Lockeia siliquaria (Ls), Diplocraterion isp. (Di), 
Asteriacites lumhricalis (Al), Cruziana problematica (Cp), Protovirgularia bidirectionalis {Pb). Upper Pennsylvanian, Stull Shale Member, 
Kanwaka Shale Formation, Shawnee Group, Waverly, eastern Kansas, United States. Scale bar is 5 cm. See Mangano and Buatois (2004b). 
(b) Core expression. Chondrites isp. (Ch), Thalassinoides isp. (Th), Teichichnus rectus (Tr), Planolites isp. (PI), Asterosoma isp. and 
Rhizocorallium isp. (Rh). Chondrites is locally reworking Thalassinoides burrow fills. Upper Cretaceous, Napo Formation, Auca Field, Oriente 
Basin, northeast Ecuador. Core width is 8 cm. 



traces and subordinate presence of vertical and inclined struc- 
tures; (2) a wide variety of ethological categories, including 
locomotion, feeding, resting, dwelling, and grazing traces; (3) 
dominance of deposit and detritus feeding traces, although 



suspension feeding and predation are also involved; (4) domi- 
nance of traces produced by a mobile fauna and subordinate 
presence of permanent domiciles; (5) high ichnodiversity; and 
(6) high abundance (Figs. 4.5 and 4.6a-b). 
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The most common elements of the Cruziana ichnofacies are 
various types of locomotion, resting, feeding, dwelling, and graz- 
ing traces. Locomotion trails include Cruziana, Didymaulichnus, 
Protovirgularia, Archaeonassa, Gyrochorte, and Curvolithus, 
while Diplichnites, Dimorphichnus, and Monomorphichnus 
represent examples of trackways. Resting traces are illustrated 
by Rusophycus, Asteriacites, and Lockeia. Feeding structures 
may include inclined to horizontal U-shaped traces, such as 
Rhizocorallium, and other structures of variable complex- 
ity, such as Phycodes, Heimdallia, Arthrophycus, Teichichnus, 
Phoehichnus, Phycosiphon, and Asterosoma. Dwelling-burrow 
systems are mostly represented by the facies-crossing ichno- 
genus Palaeophycus and by Ophiomorpha and Thalassinoides 
displaying dominance of horizontal to inclined components. 
Vertical cylindrical burrows, such as Rosselia, Cylindrichnus, and 
Schaubcylindrichnus, may be present but are rarely dominant. 
Nonspecialized simple grazing trails (e.g. Helminthoidichnites, 
Gordia, Helminthopsis) may occur also. 

Producers are extremely variable, reflecting the abundance and 
diversity of benthic fauna, and include arthropods, mollusks 
(mostly bivalves and gastropods), echinoderms (ophiuroids and 
echinoids), and many different types of worm-like animals (e.g. 
polychaetes). The Cruziana ichnofacies not only includes deep- 
tier structures but traces emplaced close to the sediment-water 
interface. The overall aspect of the assemblage varies according 
to the degree of maturity reached by the community that controls 
the degree of bioturbation and burrowing depth (Bromley and 
Asgaard, 1991; Bromley, 1990, 1996). 

Dominance of horizontal structures produced by a mobile 
fauna reflects accumulation of organic detritus in the sediment 
under moderate- to low-energy conditions. Associated sub- 
strates vary from silty to sandy, and are represented by inter- 
bedded layers of sandstone and siltstone forming heterolithic 
successions. Preservation of horizontal trace fossils is favored 
by the presence of these sandstone-mudstone interfaces. Lack 
of lithological contrast usually inhibits preservation and visibil- 
ity of biogenic structures. The variable ethologies and trophic 
types represented, and the high diversity and abundance of bio- 
genic structures commonly reflect overall environmental stabil- 
ity and low to moderate sedimentation rates. However, episodic 
sedimentation (i.e. storms) may punctuate fair-weather condi- 
tions, leading to ichnofaunal turnovers. 

Environmentally, this ichnofacies occurs from slightly 
above the fair-weather wave base to the storm wave base, in a 
zone ranging from the lower shoreface to the lower offshore 
in wave-dominated seas (MacEachern and Pemberton, 1992; 
MacEachern et ah, 1999a) (see Section 7.1). Conversely, in tide- 
dominated shorelines the Cruziana ichnofacies occurs landward 
of the Skolithos ichnofacies, broadly between high and low tide, 
albeit depending on tidal regime (Mangano and Buatois, 2004a) 
(see Section 7.2). The Cruziana ichnofacies also occurs in pro- 
tected areas of marginal-marine, brackish-water environments, 
such as estuarine basins, bays, and lagoons. However, stressful 
conditions in these restricted settings dramatically reduced over- 
all diversity, resulting in impoverished assemblages (MacEachern 
and Pemberton, 1994) (see Chapter 8). 



Subdivisions of the Cruziana ichnofacies have been proposed in 
a series of studies by MacEachern et al. (1999a, 2007a). While the 
archetypal Cruziana ichnofacies characterizes the upper offshore 
to offshore transition, proximal and distal expressions are typical 
of the lower shoreface and the lower offshore, respectively. The 
proximal Cruziana ichnofacies is transitional with the Skolithos 
ichnofacies. Accordingly, although assemblages are dominated by 
deposit-feeding structures, they contain large numbers of dwell- 
ing traces of suspension feeders and passive predators. Distal 
expressions of the Cruziana ichnofacies are transitional with 
the Zoophycos ichnofacies. Assemblages of the distal Cruziana 
ichnofacies contain significant numbers of grazing trails and spe- 
cialized feeding traces. Phycosiphon, Helminthopsis, Chondrites, 
Zoophycos, and Planolites tend to dominate. 

The Cruziana ichnofacies is known since the Cambrian. 
However, an incipient Cruziana ichnofacies occurs in Ediacaran 
rocks, but is poorly diverse and dominated by grazing trails. The 
Cruziana ichnofacies has experienced remarkable evolution- 
ary changes through the Phanerozoic, mostly reflecting faunal 
replacements and an increase in burrowing depth and extent of 
bioturbation (see Section 14.2.1). 

4.2.4 Z00Pf/yC05 ICHNOFACIES 

The Zoophycos ichnofacies, one of the original ichnofacies pro- 
posed in the Seilacherian model, was formerly referred to as the 
Zoophycos facies. It has subsequently been systematized in differ- 
ent studies (e.g. Frey and Seilacher, 1980; Frey and Pemberton, 
1984, 1985; Bromley, 1990, 1996). It is characterized by: (1) dom- 
inance of relatively simple to complex feeding structures with 
spreite; (2) subordinate occurrence of grazing traces; (3) dom- 
inance of deep-tier structures of deposit feeders or farmers; (4) 
low ichnodiversity; and (5) high abundance (Fig. 4.7). 

Zoophycos is the typical ichnogenus, but Phycosiphon, 
Chondrites, and certain ichnospecies of Nereites (notably 
N. missouriensis, previously referred to as Scalarituba) are pre- 
sent also. In fact, Frey and Pemberton (1984) noted that replace- 
ment of Zoophycos by Phycosiphon as the dominant ichnogenus is 
common. In many instances, the presence of the Zoophycos ichno- 
facies is recorded by monospeciflc occurrences of the ichnogenus 
itself The inferred producers of Zoophycos are echiuran worms 
(Kotake, 1992). Other tracemakers in this ichnofacies include 
different types of worm-like animals, such as enteropneusts and 
polychaetes. Ethologically, Zoophycos was originally considered 
the feeding trace of a deposit-feeding organism (Seilacher, 1967a). 
However, more recently it has been regarded as reflecting bacterial 
farming (Bromley, 1991; Fu and Werner, 1995). 

The Zoophycos ichnofacies is in all probability the most prob- 
lematic of all archetypal ichnofacies, and has been dubbed “the 
black sheep of the family of marine softground ichnofacies” by 
Bromley (1990, 1996). Most of the complications result from 
the fact that recognition of this ichnofacies is, in practice, too 
dependent on the identification of Zoophycos itself Therefore, 
uncertainties in the ethological interpretation of Zoophycos 
complicate evaluation of the paleoecological significance of the 
ichnofacies. The classical interpretation is that the Zoophycos 
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Zoophycos ichnofacies 




ichnofacies is linked to poor oxygenation (e.g. Frey and Seilacher, 
1980; Frey and Pemberton, 1984, 1985). According to this view, 
the ichnogenus Zoophycos and other members of the ichnofacies 
are seen as the product of opportunistic organisms (Ekdale, 
1985; M. Miller, 1991). Subsequently, other authors noted that 
the Zoophycos ichnofacies is dominated by deep-tier structures 
in intensely bioturbated substrates that result from the activity 
of climax communities (Bromley and Asgaard, 1991; Bromley, 
1990, 1996). Furthermore, complexity and downward increase 
in size of some specimens of Zoophycos seem to be inconsistent 
with its interpretation as the product of opportunistic organ- 
isms and, in contrast, indicate “once in a lifetime” construction 
(Bromley, 1990, 1996). Zoophycos and Chondrites penetrate 
deeply into the substrate in oxygen-depleted sediment, but this 
does not necessarily indicate poor oxygenation in bottom waters. 
Intense bioturbation also argues against oxygen depletion. Also, 
it was originally thought that the Zoophycos ichnofacies occurs 
in areas free of turbidity currents (Seilacher, 1967b). This is 
supported by the fact that typically the Zoophycos ichnofacies 
occurs in silt and clay substrates that slowly and continuously 
accumulate due to suspension fallout, allowing intense levels 
of bioturbation (MacEachern et al., 2007a). However, it has 
been also recognized in sandy substrates deposited by turbid- 
ity currents and debris flows in slope environments, albeit with 
traces emplaced during times of background sedimentation 
(Buatois and Mangano, 1992). It has also been proposed that 
the Zoophycos ichnofacies is present in organic-rich substrates 
under conditions of abundant food supply that may have inhib- 
ited development of the Nereites ichnofacies (D’Alessandro 
et al., 1986; Buatois and Lopez Angriman, 1992b). However, 
this interpretation only seems to work if Zoophycos and the 
associated components of the ichnofacies represent the work of 
deposit feeders rather than microbial farmers. 

Another problem derives from the fact that Zoophycos has 
a broad paleobathymetric range. MacEachern et al. (2007a) 
concluded that such a widespread environmental range sug- 
gests that the Zoophycos animal tolerates a considerable range 
of water depths, substrate types, food resources, energy levels. 



Figure 4.7 Schematic reconstruc- 
tion of the Zoophycos ichnofacies. 

and oxygen content. To complicate matters further, Zoophycos 
experienced an onshore-offshore migration throughout the 
Phanerozoic (Bottjer et al., 1988). Because Zoophycos is very 
common in Paleozoic shallow-marine rocks, recognition of the 
ichnofacies in deposits of this age may become problematic, 
and some authors have even suggested that the utility of this 
ichnofacies is very limited in Paleozoic strata (M. Miller, 1991). 

In the original model proposed by Seilacher (1964a, 1967b), 
the Zoophycos ichnofacies occurs between the Cruziana and 
Nereites ichnofacies. Environmentally, it characterizes quiet- 
water settings below the storm wave base, particularly in shel- 
fal to slope areas (see Sections 7.1.9 and 9.1). However, it may 
occur at shallower and deeper water. Shallow-water occurrences 
are common in Paleozoic epeiric seas (Marintsch and Finks 
1982; Frey and Pemberton, 1984), while deep-marine examples 
are more typical of post-Paleozoic mudstone that characterizes 
interturbidite times (Wetzel, 1984). According to MacEachern 
et al. (2007a), the Zoophycos animal was able to compete suc- 
cessfully with the diverse benthic fauna associated with the 
Cruziana and Nereites ichnofacies, but few other organisms 
were able to compete with Zoophycos in oxygen-depleted envi- 
ronments. Therefore, Zoophycos tends to be dominant in shelf 
and slope environments. The Zoophycos ichnofacies is known 
since the Ordovician, although it is well established in shelf and 
slope areas by the Silurian (Bottjer et al, 1988). 

4.2.5 ICHNOFACIES 

The Nereites ichnofacies originated from recurrent trace-fossil 
assemblages that Seilacher (1954, 1958) documented from what 
were referred to as flysch deposits. These examples form the basis 
of what was subsequently named the Nereites facies (e.g. Seilacher, 
1963b, 1964a, 1967b) of his original ichnofacies model. A more 
systematic treatment and formal definitions were subsequently 
provided by Erey and Seilacher (1980) and Erey and Pemberton 
(1984, 1985). It is characterized by: (1) dominance of complex 
graphoglyptids produced by animals that farm bacteria and trap 
microorganisms; (2) presence of sophisticated grazing trails and 
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8. Cosmorhaphe 

9. Urohelminthoida 

10. Desmograpton 

1 1 . Paleodictyon Figure 4.8 Schematic reconstruc- 

12. Scolicia tion of the Nereites ichnofacies. 



feeding traces of detritus and deposit feeders; (3) dominance of 
shallow-tier trace fossils; (4) very high ichnodiversity; and (5) high 
abundance, but low density, of individual ichnotaxa (Fig. 4.8). 

Graphoglyptids are arguably the diagnostic components 
of the ichnofacies. Typical graphoglyptid ichnogenera are 
Paleodictyon, Protopaleodictyon, Spirorhaphe, Urohelminthoida, 
Desmograpton, Megagrapton, Acanthorhaphe, Helicolithus, 
Belorhaphe, Spirocosmorhaphe, and Paleomeandron. Grazing 
trails are represented by guided meandering traces, such 
as highly specialized ichnospecies of Nereites and Scolicia. 
Helminthorhaphe and Cosmorhaphe may either represent graz- 
ing trails or graphoglyptids. Feeding traces include radial 
structures (Glockerichnus, Lorenzinia, Capodistria), branched 
systems (Polykampton, some ichnospecies of Treptichnus) and 
simpler forms (Halopoa, Fustiglyphus, Circuliclmis). Resting 
traces are relatively rare and mostly represented by the ichnoge- 
nus Cardioichnus, which commonly intergrades with Scolicia. 

Although the Nereites ichnofacies is clearly dominated by shal- 
low-tier traces, the presence of complex structures and the high 
ichnodiversity indicate the activity of climax communities with 
enough time to develop specialized and varied behavioral patterns 
(Seilacher, 1977a; W. Miller, 1991a). This is only possible under 
very stable environmental conditions in an overall low-energy, 
well-oxygenated setting. In addition, the presence of sophisticated 
feeding strategies suggests scarce food resources. In the case of 
delta-fed turbidity systems, the Nereites ichnofacies has been reported 
to occur in organic-rich deposits (Fiirsich et al., 2007; Olivero et ah, 
2010). These occurrences either reflect that oligotrophy is not a lim- 
ited factor in graphoglyptid distribution (Fiirsich et al, 2007) or 
that trophic resources fluctuate, with graphoglyptids colonizing the 
sea bottom during times of oligotrophy (Olivero et al., 2010). 



The benthic community associated with the Nereites ichnofacies 
typically flourishes in environments characterized by slow, con- 
tinuous suspension fallout deposition of silt and clay. However, 
distinctive elements of the Nereites ichnofacies are typically pre- 
served as positive hyporeliefs on the base of sandstone turbidites. 
While graphoglyptids of the Nereites ichnofacies reflect the activ- 
ity of a benthic fauna developed in muddy, low-energy substrates, 
their preservation is linked to turbidity currents that punctuate 
fallout of fine-grained sediment (Seilacher, 1962, 1977a). The 
standard explanation is that turbidity currents erode the upper- 
most millimeters of the substrate and cast with sand the shallowly 
emplaced biogenic structures. More recently, Seilacher (2007a) 
proposed that the excellent preservation of these delicate traces is 
due to a shock wave immediately prior to deposition that sucks the 
unconsolidated mud into suspension without significant erosion. 
In either case, preservation of graphoglyptids can only take place 
in zones affected by turbidity currents. In the absence of event 
sedimentation, the activity of the deep-tier bioturbators would 
have destroyed all the shallowly emplaced traces (Bromley and 
Asgaard, 1991). In fact, biogenic structures similar to those in the 
Nereites ichnofacies have been observed in modern abyssal plains 
in areas beyond the reach of turbidity currents (Hollister et al, 
1975; Ekdale and Berger, 1978; Kitchell etal, 1978b; Ekdale, 1980; 
Gaillard, 1991). However, pelagic deposits are characterized in the 
fossil record by intensely mottled textures and a few discrete traces, 
such as Zoophycos, Planolites, and Teichichnus (Ekdale, 1977; 
Ekdale and Berger, 1978). Ekdale and Berger (1978) suggested 
the existence of an abyssal or deep-sea ichnofacies that occupies 
deeper settings than the Nereites ichnofacies, although the absence 
of discrete trace fossils in these sediments complicates further char- 
acterization of this potential ichnofacies (see Section 9.4). 
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The Nereites ichnofacies is arguably the one that displays the 
closest links with a certain bathymetry. It occurs in base-of-slope 
turbidity systems and is particularly common in thin-bedded 
turbidites that accumulate in the fringe of terminal splays, cre- 
vasse splays and levees (see Section 9.2.1). Potential occurrences 
in shallower settings await further documentation (Gierlowski- 
Kordesch and Ernst, 1987; Ernst and Gierlowski-Kordesch, 1989; 
Ting et ah, 1991). However, the ichnogenus Paleodictyon, a typ- 
ical component of the Nereites ichnofacies, has been documented 
in shallow-water prodelta turbidites (Fiirsich et ah, 2007). In add- 
ition, it has been demonstrated that the Nereites ichnofacies may 
extend into sub-neritic environments during rapid shallowing 
(Uchman et ai, 2004a) and relatively shallow-water delta-fed tur- 
bidite systems (Olivero et al, 2010). 

The Nereites ichnofacies was subdivided by Seilacher (1974) 
into the Nereites and Paleodictyon ichnosubfacies. The Nereites 
ichnosubfacies typifies the most distal parts of the turbidite 
systems characterized by very thin intercalations of turbidite 
sandstone and background mudstone. This ichnosubfacies is 
dominated by backfilled trace fossils of deposit feeders, such as 
Nereites, Phycosiphon, Dictyodora, and Zoophycos. According 
to Seilacher (1974), the Paleodictyon ichnosubfacies tends to 
occur in slightly more proximal settings where turbidite sand- 
stones weather out as resistant beds with graphoglyptids (e.g. 
Paleodictyon, Plelicolithus, Urohelminthoida, Desmograpton) 
preserved at the base. Although proximality trends may be 
established, local factors play a key role in controlling distri- 
bution of these two ichnosubfacies, with food supply prob- 
ably being a limiting factor (Wetzel and Uchman, 1998). More 
recent research has suggested the existence of a third ichnosub- 
facies, the Ophiomorpha rudis ichnosubfacies, which consists of 
a few ichnotaxa, typically Ophiomorpha rudis, O. annulata, and 
Scolicia, and less commonly, Nereites irregularis. Chondrites, 
and a few graphoglyptids (Uchman, 2009). This ichnosubfacies 
occurs in channel and proximal-lobe deposits (see Section 9.2). 

The Nereites ichnofacies is known since the Ordovician. 
Cambrian deep-marine ichnofaunas are remarkably different from 
their younger counterparts, and deviate from the basic features of 
the Nereites ichnofacies (Orr, 2001 , Buatois and Mangano, 2003a). 
Furthermore, the Nereites ichnofacies has experienced numer- 
ous changes through the Phanerozoic, including progressive size 
decrease of its components, increase in diversity and increase in 
the degree of complexity of some of the trace fossils (Seilacher, 
1974, 1977a; Uchman, 2003, 2004a) (see Section 14,2.2). 

4.3 SUBSTRATE-CONTROLLED ICHNOFACIES 



Substrate-controlled ichnofacies have received a lot of atten- 
tion during the last two decades after the realization that they 
are very useful to delineate surfaces with sequence-stratigraphic 
implications (MacEachern eta/., 1992; Pemberton et a/., 1992b, 
2004) (see Chapter 12). Four substrate-controlled ichnofacies are 
regarded here as valid: Glossifungites, Trypanites, Gnathichnus, 
and Teredolites. 



4.3.1 GLOSSIFUNGITES ICHNOPACIES 

The Glossifungites ichnofacies was originally proposed by 
Seilacher (1967b), subsequently redefined by Frey and Seilacher 
(1980) and, more recently, reviewed in a number of papers, 
mostly in the context of its sequence-stratigraphic implications 
(Pemberton and Frey, 1985; MacEachern et ai, 1992, 2007a; 
Pemberton et al., 1992b, 2001, 2004). It is characterized by: (1) 
sharp-walled, unlined, passively filled, dwelling burrows of sus- 
pension feeders or passive predators; (2) dominance of robust, 
vertical to subvertical, simple and spreite U-shaped burrows; (3) 
presence of branched burrow systems; (4) presence of burrows 
with ornamented walls; (5) low ichnodiversity; and (6) high 
abundance (Figs. 4.9 and 4.10a-c). 

The most common ichnotaxa in this ichnofacies corres- 
pond to the ichnogenera Diplocraterion, Skolithos, Arenicolites, 
Gastrochaenolites, Thalassinoides, Spongeliomorpha, and 
Rhizocorallium. More rarely, the ichnogenera Fuersichnus and 
Zoophycos have been recognized to occur in the Glossifungites 
ichnofacies (Buatois, 1995; MacEachern and Burton 2000). 
Ironically, the eponymous ichnogenus is a junior synonym of 
Rhizocorallium (Uchman et al., 2000). Firmground burrowers 
include various bivalves, crustaceans, nemerteans, and polycha- 
etes (Pemberton and Frey, 1985; Gingras et al., 2001) (Box 4.1). 

The Glossifungites ichnofacies develops in stable and cohesive 
substrates (firmgrounds), commonly dewatered muds, and, more 
rarely, highly compacted sands (MacEachern et al, 1992, 2007a; 
Pemberton et al, 1992b, 2004). The presence of vertical, unlined 
shafts penetrating into fine-grained intervals reflects the cohesive- 
ness of the substrate. Additional evidence of substrate stability 
at the time of excavation is provided by the passive burrow fill 
and the presence of walls ornamented with striations, as com- 
monly revealed by Spongeliomorpha, Rhizocorallium, Fuersichnus, 
Diplocraterion, and Gastrochaenolites. Passive burrow fills reflect 
colonization by suspension feeders or passive predators that con- 
struct open domiciles, which are subsequently filled by sedimen- 
tation. Other animals, such as crabs, may leave their burrows in 
search for food (Pemberton et al, 1992b). Trace fossils of deposit 
feeders are typically absent in this ichnofacies because nutritious 
particles are scarce in compacted muds. However, corkscrew bur- 
rows similar to Gyrolithes have been recorded (Netto et al, 2007). 
Although ichnodiversity is commonly relatively low, the abun- 
dance of trace fossils is high in the Glossifungites ichnofacies. In 
modem examples, densities of approximately 150 specimens/m^ 
have been documented (Gingras et al, 2001). Even higher dens- 
ities have been estimated in cores and outcrops (Pemberton et al, 
2004; Buatois and Encinas, 2006). 

In siliciclastic deposits, the Glossifungites ichnofacies is 
typically associated with erosional exhumation of previously 
buried sediments, more commonly linked to relative sea-level 
changes, although autogenic erosional processes may be also 
responsible (see Section 12.8; MacEachern et al, 1992, 2007a; 
Pemberton et al, 2004). Colonization of these firmground 
substrates occurs during a depositional hiatus that takes place 
between the erosional event and sedimentation of the overlying 



The ichnofacies model 



68 



Glossifungites ichnofacies 




1 . Diplocraterion 

2. Skolithos 

3. Spongeliomorpha 

4. Rhizocorallium 

5. Arenicolites 

6 . Thalassinoides 

7. Fuersichnus 



Figure 4.9 Schematic reconstruction 
of the Glossifungites ichnofacies. 




Figure 4.10 Examples of the Glossi- 
fungites ichnofacies. (a) Outcrop 
expression. High-density association 
of small Thalassinoides suevicus and 
large specimen of the same ichno- 
taxa. Upper Cretaceous, Hidden 
Lake Formation, Brandy Bay, James 
Ross Island, Antarctica. Scale bar is 
1cm. (b) Outcrop expression. RJ^iz- 
ocorallium isp. penetrating from the 
overlying bed into a firmground. 
Upper Jurassic, Rodiles Formation, 
El Puntal Cliffs, San Martin del 
Mar, Villaviciosa, Asturias, north- 
ern Spain. Scale bar is 5 cm. (c) Core 
expression. Thalassinoides penetrat- 
ing into mudstone and passively 
filled with sand from an overlying 
sandstone. Note circular to subcir- 
cular cross-sections and absence 
of lining. Upper Oligocene-Lower 
Miocene, Naricual Formation, 
Pirital Field, Eastern Venezuela 
Basin. Core width is 9 cm. 



unit. The typical examples of the Glossifungites ichnofaeies have 
been recorded in shallow- to marginal-marine environments. In 
these settings, it is associated with alostratigraphic surfaces, such 
as regressive surfaees of erosion formed during forced regressions 
(see Section 12.2. 1), lowstand erosion surfaces due to relative sea 
level fall (see Seetion 12.2.2), ravinement surfaces formed dur- 
ing transgressions (see Section 12.2.3), and co-planar surfaces 



or amalgamated surfaces of lowstand and transgressive ero- 
sion (e.g. estuarine valley incision surfaces) (see Section 12.2.4; 
MacEachern et al, 1992, 2007a; Pemberton et al., 1992b, 2004). 
More rarely, the Glossifungites ichnofacies has been recorded in 
deep-marine environments associated to incised submarine can- 
yons (see Section 12.2.1; Hayward, 1976). Firmground surfaces 
demarcated by the Glossifungites ichnofacies may be also formed 
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Box 4.1 A modern example of the Glossifungites ichnofacies along the Georgia coast of the United States 

Information from modern environments, although commonly overlooked, may provide valuable information to characterize 
and understand ichnofacies. The Georgia coast of the eastern United States is a fascinating natural laboratory to elucidate the 
producers and mechanisms of formation of the Glossifungites ichnofacies. Here, the Glossifungites ichnofacies occurs in pre- 
viously buried and dewatered muds of Holocene salt marshes that have been subsequently exhumed by beach or tidal-channel 
erosion. Three main intergradational ichnocoenoses have been recognized: (1) a petricolid ichnocoenose; (2) a petricolid- 
pholad-crustacean ichnocoenose; and (3) a petricolid-crustacean-polydoran ichnocoenose. Petricolid and pholad bivalves 
produce incipient Gastrochaenolites, the polychaete Polydora excavate small Diplocraterion-iiks burrows, various polychaetes 
produce incipient Palaeophycus, shrimps construct Thalassinoides galleries, and crabs produce Psilonichnus. Crustaceans tend 
to be dominant in more protected back-barrier settings influenced by low-energy tidal currents, while petricolid and pholad 
bivalves are more characteristic of high-energy foreshore areas affected by wave-induced currents. Other factors influencing the 
distribution of trace-making organisms are density of the relict Spartina root mats, substrate cohesiveness, sediment texture, 
duration of subaerial exposure, and sandblasting from nearshore areas. Neoichnological observations have been essential in 
furthering our understanding of the nature and significance of the Glossifungites ichnofacies. 

Reference: Pemberton and Frey (1985). 



due to autogenic sedimentary processes (see Section 12.8). In 
this case, erosion due to migrating tidal channels and tidal creeks 
represent a common environmental scenario conducive to the 
production and colonization of firmground substrates (Gingras 
et al., 2000; MacEachern et al., 2007a). MacEachern et al. 
(2007a) also noted that long periods of quiescence may be con- 
ducive to the formation of relatively firm mudstones, allowing 
the establishment of the Glossifungites ichnofacies. According to 
these authors, examples of the Glossifungites ichnofacies related 
to autogenic processes tend to show some evidence of burrow 
compaction, contain more deeply penetrating burrows due to 
minimal substrate stiffness, and include ichnogenera less typical 
of firmground settings. 

Stratigraphic and environmental implications of the 
Glossifungites ichnofacies in carbonate rocks are rather different 
(see Section 12.6). Because carbonates commonly undergo rapid 
consolidation and cementation due to early diagenetic processes, 
firmgrounds are not necessarily related to erosional exhum- 
ation of the substrate as in siliciclastic rocks. On the contrary, 
endurated substrates in carbonate rocks are commonly related 
with omission surfaces representing reduced rates of sedimen- 
tation (Bromley, 1975). However, spectacular examples of the 
Glossifungites ichnofacies in ravinement surfaces, analogous to 
those formed in siliciclastic substrates may occur in carbonates 
(Rodriguez-Tovar et al., 2007). 

This ichnofacies can be very heterogeneous displaying 
remarkable spatial variations. Gingras et al. (2001) found that 
degree of substrate firmness, position within the intertidal zone, 
sediment texture, and presence of a sediment veneer rank were 
among the most important controlling factors of the nature and 
composition of modern examples the Glossifungites ichnofacies. 
Spatial heterogeneity revealed by changes in the proportion of 
their components has been documented also in ancient exam- 
ples of this ichnofacies (Carmona et al., 2006). MacEachern 
and Burton (2000) documented an unusual occurrence of the 
Glossifungites ichnofacies dominated by Zoophycos, and also 



having Thalassinoides, Spongeliomorpha, and Rhizocorallium in 
lower offshore deposits. Therefore, these authors suggested 
potential subdivisions of the Glossifungites ichnofacies corre- 
sponding to proximal-distal trends. According to this scheme, 
the archetypal Glossifungites ichnofacies occurs most com- 
monly in high-energy shallow water, while the association with 
Zoophycos represents a distal expression of the Glossifungites 
ichnofacies. Although in its original definition the Glossifungites 
ichnofacies was not restricted to marine environments (Seilacher, 
1967b), continental firmground ichnofaunas are dominated by 
the ichnogenus Scoyenia and related trace fossils, and seem to be 
remarkably different from their marine counterparts (e.g. Buatois 
et ah, 1996a) (see Section 12.7). However, an occurrence of firm- 
ground Rhizocorallium in Miocene fluvial deposits has been 
noted (Fiirsich and Mayr, 1981). The Glossifungites ichnofacies is 
known since the Early Cambrian (Bromley and Hanken, 1991). 

4.3.2 ICHNOFACIES 

The Trypanites ichnofacies was originally introduced by Frey 
and Seilacher (1980), and subsequently revised in a number of 
papers (e.g. Frey and Pemberton, 1984; Pemberton et al., 1992b, 
2001, 2004; Bromley and Asgaard, 1993a; Gibert et al., 1998, 
2007). Bromley and Asgaard (1993a) noted that the Trypanites 
ichnofacies includes two different associations: Entobia (domi- 
nated by deep-tier borings) and Gnathichnus (dominated by 
shallow- to very shallow-tier raspings and etchings). These 
two associations were regarded either as subdivisions of the 
Trypanites ichnofacies or as archetypal ichnofacies that replace 
the more general Trypanites ichnofacies. Subsequent work dem- 
onstrated the archetypal nature and recurrence of the Entobia 
association in cliffs and sediment-starved hardgrounds dur- 
ing most of the Mesozoic and Cenozoic (Gibert et al., 1998, 
2007). MacEachern et al. (2007a) stated that the Entobia and 
Gnathichnus associations are closely associated with tiers and, 
therefore, serve as expressions of the suites that characterize the 
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Trypanites ichnofacies as a whole. Interestingly, this is not really 
different from the distinction between the Nereites (shallow-tier 
structures preserved at the base of turbidites) and Zoophycos 
(deep-tier structures preserved in the fine-grained background 
mudstone) ichnofacies (Wetzel, 1984; Bromley, 1990, 1996). 
Also, it has been noted that the Entobla association is identical 
to the Trypanites ichnofacies on morpho-ethological grounds 
(MacEachern et al., 2007a). Accordingly, the Entobia associa- 
tion is regarded here as an equivalent of the Trypanites ichno- 
facies (see Section 14.2.3). 

The Trypanites ichnofacies is characterized by: (1) dominance 
of deep-tier borings; (2) dominance of sharp-walled, unlined, 
passively filled, vertical to subvertical, cylindrical, simple, tear-, 
vase- or U-shaped dwelling borings of suspension feeders or 
passive predators; (3) presence of branched and multi-cham- 
bered borings produced by suspension feeders; (4) low to mod- 
erate ichnodiversity; and (5) high abundance (Fig. 4.1 1). 

The most common components of the Trypanites ichnofacies 
are Trypanites (simple vertical borings), Gastrochaenolltes (tear- 
shaped borings), and Entobia (branched systems). Other ele- 
ments are Caulostrepsis (U-shaped pouches), Maeandropolydora 
(multi-entrance networks), Conchotrema (branched, multi-aper- 
tured cylindrical borings) and Ubiglobites (vase-shaped borings). 
Typical producers include polychaetes (Trypanites), bivalves 
(Gastrochaenolltes), and sponges (Entobia). Microborings are 
also elements of this ichnofacies (Glaub et al., 2002; Glaub and 
Vogel, 2004). 

The Trypanites ichnofacies is typical of cemented, fully lithi- 
fied substrates, such as sediment-starved hardgrounds, cliffs, 
beachrock, and reefs (Frey and Pemberton, 1984; Pemberton 
et al., 1992b, 2001, 2004). More rarely, this ichnofacies can occur 
in bone beds or coquinas. The Trypanites ichnofacies indicates 
long periods of bioerosion without any interruption by frequent 
depositional events. Continuous activity by deep bioeroders leads 
to destruction of shallow tiers (Bromley and Asgaard, 1993a). 
The Trypanites ichnofacies is directly associated with different 



Figure 4.11 Schematic reconstruc- 
tion of the Trypanites ichnofacies. 

types of unconformities forming either omission or erosive sur- 
faces and, as such, is significant in sequence stratigraphy (see 
Sections 12.2, 12.3, and 12.6). Only bioerosion in laterally per- 
sistent substrates should be included in the Trypanites ichnofacies 
(Pemberton etal.,\ 992b) . Bored, isolated shells or clasts, although 
significant in terms of information potential (Gibert et al., 1996; 
Siggerud and Steel, 1999), do not represent the Trypanites ichno- 
facies. Evidence of emplacement in lithified substrate is revealed 
by the fact that borings cut through shells or grains instead of 
avoiding them (Bromley, 1975). A high density of borings indi- 
cates major breaks in sedimentation and sediment starvation. 
In ancient examples, bioerosion densities of up to 1 500 borings 
per nT have been measured (Gibert et al., 1996; Domenech et al., 
2001). However, as noted by Bromley and Asgaard (1993b), over- 
all boring density is highly dependent of boring size. As in the 
case of the Glossifungites ichnofacies, deposit-feeding trace fos- 
sils are typically absent in the Trypanites ichnofacies due to the 
absence of nutritious particles in lithified substrates. 

The Trypanites ichnofacies may be intergradational with 
the Glossifungites ichnofacies. In this case, the Trypanites suite 
cross-cuts the Glossifungites suite, reflecting progressive cemen- 
tation of the original substrate (Bromley, 1975). Hardground 
formation may occur in both siliciclastic and carbonate sub- 
strates, although it tends to be more common in the latter 
(MacEachern et al., 2007a). In siliciclastic substrates most 
hardgrounds are associated with erosionally exhumed surfaces, 
which are typically formed during relative sea-level changes 
(Pemberton et al., 1992b, 2004). MacEachern et al. (2007a) cau- 
tioned against assignment of sequence-stratigraphic significance 
of the Trypanites ichnofacies in carbonate sediments. Because 
carbonates commonly undergo rapid lithification due to early 
diagenesis, hardground formation is not necessarily related to 
erosional exhumation in this type of substrates (see Section 12.6). 
Occurrences of the Trypanites ichnofacies in connection to sediment- 
starved omission surfaces are probably the rule rather than the 
exception (e.g. Bromley, 1975; Mangano and Buatois, 1991). In 
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Gnathichnus ichnofacies 




any case, the Trypanites ichnofacies has been recognized in ero- 
sionally exhumed carbonates associated with a regional uncon- 
formity (Pemberton et al., 1980). A depauperate Trypanites 
ichnofacies has been introduced recently for non-carbonate sub- 
strates (Buatois and Encinas, 2011). Comparable bioeroded sur- 
faces in continental environments are poorly known. Borings in 
modern lacustrine stromatolites from Lake Turkana (Kenya) have 
been documented by Ekdale et al. (1989). Embedment cavities 
have been recorded in Cenozoic lacustrine carbonates of Kenya 
and Wyoming by Lamond and Tapanila (2003). Artificial lakes in 
Kansas contain Recent U-shaped structures produced by chirono- 
mids penetrating into Carboniferous shale. The Trypanites ichno- 
facies is known since the Early Cambrian (James et al, 1977). 

4.3.3 GNATHICHNUS ICimOYACWS 

The Gnathichnus ichnofacies or association was introduced 
by Bromley and Asgaard (1993a) for bored shells and boul- 
ders. MacEachern et al. (2007a) noted that this example of the 
Gnathichnus association does not form continuous mappable sur- 
faces, and therefore does not qualify as an ichnofacies. However, 
Bromley and Asgaard (1993a) suggested that the same suite may 
be present in rapidly buried laterally continuous substrates. In 
fact, the assemblage was subsequently recognized in the Miocene 
of Spain (Mayoral and Muniz, 1996), and its archetypal nature 
and temporal recurrence during most of the Mesozoic and 
Cenozoic have been now demonstrated (Gibert et al., 2007). 

The Gnathichnus ichnofacies is characterized by: (1) dom- 
inance of shallow to very shallow-tier grazing structures; (2) 
presence of other ethological categories, such as domichnia, fix- 
ichnia, and praedichnia; (3) subordinate occurrence of deeper 
structures; (4) dominance of radulation and gnawing traces 
produced by algal grazers; (5) presence of etched attachment 
scars; (6) occurrence of sock-shaped borings; (7) low to moder- 
ate ichnodiversity; and (8) high abundance (Fig. 4.12). 



The most common components of the Gnathichnus ichnofacies 
are Gnathichnus (stellate gnawing traces), Radulichnus (radulation 
traces), Renichnus (spiral- to arcuate-shaped etched attachment 
scars), Podichnus (radiating arcs of attachment pits), and Centrichnus 
(drop-shaped attachment pits). The deeper- tier Maeandropolydora 
(multi-entrance networks) may be present. Gastropods, chitons, 
regular echinoids, brachiopods, acrothoracican barnacles, and bry- 
ozoans are among the most common producers. 

This association suggests short-term bioerosion interrupted 
by rapid sedimentation, allowing preservation of shallow-tier 
bioerosion in the absence of a mature deep-tier endolithic com- 
munity (Bromley and Asgaard, 1993a). In contrast to the long- 
term colonization windows that typify the Trypanites ichnofacies, 
the Gnathichnus ichnofacies reflects short-term colonization win- 
dows. It commonly occurs in spatially restricted, mobile shell- 
grounds formed under moderate energy conditions (Gibert et al., 
2007). The Gnathichnus ichnofacies is known since the Jurassic 
(Gibert et al., 2007). 

4.3.4 ICHNOFACIES 

The Teredolites ichnofacies was introduced by Bromley et al. 
(1984), and has been recently revised by Gingras et al. (2004). 
Additional work on the Teredolites ichnofacies focused on the 
implications of bored log-grounds in sequence stratigraphy 
(e.g. Savrda, 1991a; Savrda et al., 1993, 2005). This ichno- 
facies is characterized by: (1) dominance of clavate borings; 
(2) boring walls ornamented with the texture of the host sub- 
strate; (3) very low ichnodiversity, most commonly monospe- 
cific suites; and (4) high density of borings, albeit with rare 
interpenetration (Fig. 4.13). 

The ichnogenus Teredolites (Fig. 4.14a-b), a clavate boring 
produced by pholadid bivalves (e.g. Teredo, Martesia, Lyrodus, 
Bankia), is the typical component of this ichnofacies (Bromley 
et al., 1984). However, analysis of a modern example reveals 
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Teredolites ichnofacies 




Figure 4.13 Schematic reconstruc- 
tion of the Teredolites ichnofacies. 




Figure 4.14 Examples of the 7ererfo/;tej 
ichnofacies. (a) Type locality of the 
Teredolites ichnofacies showing high 
density of Teredolites clavatus in a coal 
layer. Upper Cretaceous, Horseshoe 
Canyon Formation, East Coule, 
Drumheller, Alberta, western Canada. 
Scale bar is 5 cm. See Bromley et al. 
(1984). (b) Bedding-plane view showing 
high density of Thalassinoides suevicus 
in coal layer. Middle to Upper Miocene, 
Urumaco Formation, Urumaco River, 
northwestern Venezuela. Pen is 15 cm. 
(c) Thalassinoides isp. in coal layer. 
Lower Miocene, Oficina Formation, 
Oritupano Field, Eastern Venezuela 
Basin. Core width is 8 cm. 



the presence of borings similar to Caulostrepsis, Entobia, 
Maeandropolydora, Psilonichnus, Rogerella, Thalassinoides, 
and Trypanites emplaced in log-grounds (Gingras et al., 2004). 
According to this study, other potential tracemakers for the 
Teredolites ichnofacies are spionid polychaetes (Polydora 



prohoscidea) and isopods (Limnoria lignorum). While a variety 
of woodground borings are known from modern environments, 
fossil examples are almost invariably monospecific, contain- 
ing only the ichnogenus Teredolites. Although the ichnospecies 
rerecfofito/oMg/MTOMS'isthemostcommonichnotaxa, T. clavatus 
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may occur also (Bromley et al., 1984). Occasionally, the ichno- 
genus Thalassinoid.es has been recognized in fossil woodgrounds 
both in outcrops (Gingras et al., 2004) (Fig. 4.14b) and cores 
(Buatois et al., 2002a) (Fig. 4.14c). Differences between mod- 
ern and ancient examples of the Teredolites ichnofacies reveal 
taphonomic filters of the fossilization barrier. Deep-penetrating 
borings, such as Teredolites, have a higher preservation poten- 
tial that shallowly emplaced structures, such as Rogerella or 
Maeandropolydora (Gingras et al., 2002). 

The Teredolites ichnofacies characterizes resistant xylic 
(woody and coaly) substrates, such as drifted log pavements and 
peat deposits that may be preserved as coal or lignite in the rock 
record (Pemberton et al., 2001). In contrast to lithic substrates, 
xylic substrates are flexible, consist of organic matter, and are 
rapidly biodegradable (Bromley et al., 1984). Ecologically, 
while hardground borings are commonly produced for protec- 
tion, woodground borings are related with the quest for food 
(Bromley et al., 1984). Boring walls are commonly ornamented 
with the host substrate texture, and xenoglyphs of tree growth 
rings may be present. Size-class variations are commonly pre- 
sent in Teredolites suites, suggesting animals at different stages 
of maturity (Bromley et al., 1984; Savrda et al., 1993; Gingras 
et ah, 2004). Bimodal size distributions probably reveal suc- 
cessive colonization events (Gingras et al., 2004). Only occur- 
rences associated with a laterally persistent substrate should 
be included in the Teredolites ichnofacies; bored, isolated log 
fragments do not represent the ichnofacies (Pemberton et al. 
1992b). The term “log-ground” may be used for high concentra- 
tions of allochthonous wood (Savrda et al., 1993). As noted by 
MacEachern et al. (2007a), these concentrations may form use- 
ful mapping surfaces, particularly where associated with strati- 
graphic discontinuities (e.g. Savrda, 1991a; Savrda et al., 1993, 
2005) (see Box 12.1). 

Typically, the Teredolites ichnofacies is associated with omis- 
sion surfaces formed in shallow-marine and marginal-marine 
environments, commonly bays, estuaries, lagoons, and deltas 
(Bromley et al., 1984; Pemberton et al., 1992b; MacEachern 
et al., 2007a). The ichnogenus Teredolites is confined to environ- 
ments with salinities ranging from brackish to fully marine, and 
apparently cannot tolerate freshwater. This is consistent with 
almost all the examples documented in the stratigraphic record 
(e.g. Bromley et al., 1984; Savrda, 1991a; Savrda et al., 1993, 
2005). Two occurrences in Cretaceous and Eocene supposed flu- 
vial environments (Plint and Pickerill, 1985) are in rocks now 
regarded as formed in marginal-marine, brackish-water settings 
(Plint, 2000; MacEachern et al., 2007a). However, a freshwater 
example was documented by Bertling and Hermanns (1996) in 
Neogene fluvial deposits. Wood borings are also present in con- 
tinental settings, and are mostly produced by isopods (Genise, 
1995; Genise and Hazeldine, 1995; Mikulas and COek, 1998; 
Mikulas, 2008). Further research is still necessary in order to 
erect a continental equivalent of the Teredolites ichnofacies; 
recognition of laterally extensive substrates will be critical. The 
Teredolites ichnofacies is known since the Cretaceous (Bromley 
et al., 1984). 
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The ichnofacies model has been expanded into the contin- 
ental realm in recent years, and efforts have been made to 
recognize archetypal invertebrate ichnofacies (Buatois and 
Mangano, 1995b, 2007; Genise et al., 2000, 2010a; Hunt and 
Lucas, 2007; Ekdale et al., 2007; Minter and Braddy, 2009). 
In his original model, Seilacher (1967b) recognized only one 
ichnofacies for continental environments, the Scoyenia ichno- 
facies. The fact that the Scoyenia ichnofacies was only one of 
the many potential recurrent trace-fossil assemblages of con- 
tinental environments, and that these settings are as diverse 
as marine environments was acknowledged by ichnologists 
long ago and illustrated by Bromley and Asgaard (1979) in 
a seminal paper. However, it is only in the last 15 years that 
studies addressing the problem of recognizing additional con- 
tinental ichnofacies have been published (Smith et al., 1993; 
Buatois and Mangano, 1995b; Bromley, 1996; Genise et al., 
2000, 2010a; Ekdale et al., 2007; Hunt and Lucas, 2007). At 
present, six continental archetypal ichnofacies have been pro- 
posed: the Scoyenia, Mermia, Coprinisphaera, Termitichnus, 
Celliforma, and Octopodichnus-Entradichnus ichnofacies. Part 
of this scheme has received quantitative support by recently 
performed cluster analysis (Minter and Braddy, 2009). The 
continental invertebrate ichnofacies model has reached a level 
of resolution similar to that of marine environments. While 
the Scoyenia and Mermia ichnofacies are mostly controlled by 
the position of the water table (Buatois and Mangano, 1995b, 
2002, 2009a), terrestrial ichnofacies show a close correspond- 
ence with the plant formations identified by Mueller-Dombois 
and Ellenberg (1980). In fact, Genise et al. (2010a) noted 
that of the seven global plant formations recognized by these 
authors, four display correlation with terrestrial ichnofacies. 

4.4.1 SCOYENIA ICHNOEACIES 

Seilacher (1967b) proposed the Scoyenia ichnofacies for 
“nonmarine sands and shales, often red beds, with a distinctive 
association of trace fossils”, and referred to a previous schematic 
illustration (Seilacher 1963b, Fig. 7), which included meniscate 
traces, arthropod trackways, and bilobed traces, as well as sev- 
eral physical sedimentary structures (e.g. desiccation cracks). 
Frey et al. (1984b) noted that the Scoyenia ichnofacies subse- 
quently was used as a catchall for all occurrences of continental 
trace fossils, and proposed a refined definition in order to retain 
its ecological and environmental significance. Further refine- 
ments were suggested by Buatois and Mangano (1995b), who 
noted the abundance of arthropod trackways in the Scoyenia 
ichnofacies. The Scoyenia ichnofacies is characterized by: (1) 
abundance of horizontal meniscate backfilled traces produced 
by mobile deposit feeders; (2) abundance of locomotion traces, 
including both trackways and bilobate trails; (3) presence of ver- 
tical domiciles; (4) a mixture of invertebrate (mostly arthropod), 
vertebrate and plant traces; (5) low to moderate ichnodiversity; 
and (6) localized high abundance (Fig. 4. 15). 
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Scoyenia ichnofacies 




1 . Taenidium 

2. Beaconites 

3. Scoyenia 

4. Fuersichnus 

5. Rusophycus 

6. Camborygma 

7. Diplichnites 

8. Mirandaichnium 

9. Umfolozia 

10. Cruziana 



Figure 4.15 Schematic reconstruc- 
tion of the Scoyenia ichnofacies. 




Figure 4.16 Examples of the 
Scoyenia ichnofacies, illustrating 
the typical dominance by meniscate 
trace fossils, (a) General view of a 
bedding plane with several speci- 
mens of Scoyenia gracilis associ- 
ated with desiccation cracks. Lower 
Jurassic, Kayenta Formation, 

Grandview Point, Canyonland 

National Park, Utah, United States. 
Scale bar is 10 cm. (b) Close-up 
showing burrow sculpture and pres- 
ence of raindrop imprints. Scale bar 
is 5 cm. (c) Close-up showing menis- 
cate fill and wall with parallel stria- 
tions. Scale bar is 1 cm. (d) Close-up 
of wall striations. Scale bar is 1 cm. 
(e) Vertical cross-section showing 
intense bioturbation by Taenidium 
isp. Middle Triassic, Youfangzhuang 
Formation, Nanshan Forest Park, 
Jiyuan City, Henan Province, cen- 
tral China. Scale bar is 1 cm. See M. 
Wang et al. (2009). 



Meniscate trace fossils include Scoyenia (Fig. 4.16a-d), 
Beaconites, and Taenidium (Fig. 4.15e). Adhesive meniscate 
burrows of fiasiotis (2004), recently referred to the new 
ichnogenus Naktodemasis by Smith et al. (2008a), actually 
belong in Taenidium (Krapovickas et al., 2009). Arthropod 
trackways are represented by a wide variety of ichno- 
taxa, including Umfolozia, Merostomichnites, Diplichnites, 



Hexapodichnus, Permichnium, and Acripes. Bilobate traces 
include locomotion (Cruziana) and associated resting struc- 
tures (Rusophycus). Simple facies-crossing ichnotaxa, such 
as Planolites, Palaeophycus, and Cochlichnus, are common. 
Vertical burrows are currently assigned to Skolithos and 
Cylindricum. Some examples of the ichnofacies may include 
crayfish burrows (Camborygma) and banana-shaped feeding 
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traees {Fuersichnus). Vertebrate tracks may be abundant and 
varied (Hunt and Lucas, 2007). 

The Scoyenia ichnofacies is characterized by very low-diver- 
sity assemblages, mostly monospecific occurrences of meniscate 
trace fossils (Frey et ah, 1984b). However, moderately diverse 
assemblages of arthropod trackways may occur (Buatois and 
Mangano, 1 995b). The dominance of horizontal traces of deposit 
feeders suggests low-energy settings. Furthermore, the abun- 
dance of meniscate traces and arthropod trackways is typical of 
sediments periodically exposed to air or periodically inundated, 
and intermediate between aquatic and terrestrial environments 
(Frey et al., 1984b; Frey and Pemberton, 1984, 1987). This envir- 
onmental scenario is consistent with the associated physical 
structures, which are indicative of periodic subaerial exposure 
(e.g. desiccation cracks, raindrop imprints) (Fig. 4.16a). 

The Scoyenia ichnofacies is typical of fluvial and lacustrine 
systems, although it may also occur in certain eolian subenviron- 
ments. In fluvial settings, it is present in floodplain deposits, cov- 
ering a wide variety of subenvironments, such as ponds, levees, 
and crevasse splays (Frey et al., 1984b; Frey and Pemberton, 
1984, 1987; Buatois and Mangano, 1995b, 2002, 2004a) (see 
Section 10.2). In lacustrine environments, the Scoyenia ichno- 
facies typically characterizes lake -margin areas, being present 
in both open and closed lacustrine basins, and in both ephem- 
eral and perennial lakes (Buatois and Mangano, 1998, 2004a) 
(see Section 10.3). It is not restricted to siliciclastic systems, but 
is also present along the margins of carbonate lakes (Genise 
et al., 2010a). In eolian systems, it may occur in wet interdunes 
(Buatois and Mangano, 2004a) (see Section 10.4). 

Bromley (1996) proposed a more restricted definition of 
the Scoyenia ichnofacies as a continental equivalent of the 
firmground Glossifungites ichnofacies of the marine realm. 
In fact, the Scoyenia ichnofacies may be subdivided into two 
distinct suites: one characterized by meniscate structures with- 
out ornamentation (Taenidium, Beaconites) developed in a soft 
substrate, and the second typified by striated traces (Scoyenia, 
Spongeliomorpha), cross-cutting the former and developed in a 
firm substrate (Buatois et al., 1996a; Savrda et al., 2000; Buatois 



and Mangano, 2002, 2004a). The resulting palimpsest surfaces 
reflect progressive desiccation of sediment. 

Bromley (1996) also tentatively proposed the Rusophycus 
ichnofacies for fluvial to shallow-lacustrine environments, and 
the Fuersichnus ichnofacies for lake settings below the fair- 
weather wave base. The Rusophycus ichnofacies is dominated by 
arthropod locomotion and resting trace fossils, and cannot be 
distinguished at present from the Scoyenia ichnofacies (Buatois 
and Mangano, 2004a). The Fuersichnus ichnofacies is based on 
examples in which the eponymous ichnogenus occurs in con- 
tinental environments. However, the “type” examples suggested 
are from fluvial (MacNaughton and Pickerill, 1995) and ephem- 
eral alluvial plain and sand-flat deposits (Gierlowski-Kordesch, 
1991) rather than relatively deep lakes. As presently defined, 
the Fuersichnus ichnofacies cannot be distinguished from the 
Scoyenia ichnofacies (Buatois and Mangano, 2004a). However, 
further research in these two types of ichnofaunas may hold 
the potential to distinguish trace-fossil associations with a lower 
degree of recurrence than archetypal ichnofacies, but of paleo- 
environmental utility in basin-by-basin studies. 

The Scoyenia ichnofacies is known since the Ordovician 
(Johnson et al., 1994). Paleozoic occurrences of this ichnofacies 
tend to be dominated by arthropod trackways, while meniscate 
trace fossils seem to be more common since the Permian and par- 
ticularly the Triassic (Buatois et al, 1998c) (see Section 14.2.6). 
The crayfish burrow Camborygma is a common addition to the 
ichnofacies since the Triassic (Hasiotis and Dubiel, 1993). 

4.4.2 MERMIA ICHNOFACIES 

The Mermia ichnofacies was introduced by Buatois and 
Mangano (1995b) to fill some of the gaps in continental ichno- 
facies. It is characterized by: (1) dominance of horizontal to 
subhorizontal grazing and feeding traces produced by mobile 
deposit feeders; (2) subordinate occurrence of locomotion 
traces; (3) relatively high to moderate ichnodiversity; (4) high 
abundance; and (5) low degree of specialization of grazing and 
feeding patterns (Fig. 4.17). 
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Figure 4.17 Schematic reconstruc- 
tion of the Mermia ichnofacies. 
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The most typical components of the Mermia ichnofacies 
are a variety of unspecialized grazing traces, such as Mermia, 
Gordia, Helminthopsis, and Helminthoidichnites. The sinusoidal 
trail Cochlichnus, that may represent either locomotion or graz- 
ing, is also common. Simple feeding structures include very 
shallow-tier trace fossils, such as Treptichnus and Circulichnis. 
Locomotion traces are typically represented by the fish trail 
Undichna or by the invertebrate trail Diplopodichnus. However, 
arthropod trackways (e.g. Maculichna, Diplicimites) may occur 
also, although they are rarely the dominant elements. 

Although some examples of the Mermia ichnofacies may attain 
relatively high ichnodiversity, the diversity of trace fossils does not 
necessarily equate with species richness (Buatois and Mangano, 
1998). The various ichnogenera recorded in the Mermia ichno- 
facies may result from minor behavioral variations of a very 
simple, unspecialized grazing pattern developed by a single trace- 
maker (e.g. Helminthopsis, Helminthoidichnites, Gordia, Mermia). 
The simple patterns revealed by grazing and feeding traces mark 
a clear difference with respect to assemblages preserved in deep- 
marine turbidites. The dominance of horizontal grazing traces of 
deposit and detritus feeders suggests low-energy environments. 
Substrates are fine-grained, mostly unconsolidated silts and very 
fine- to fine-grained sands. Absence of scratch marks and com- 
mon poor preservation of trace-fossil morphology suggest very 
soft, submerged substrates. Moderate ichnodiversity indicates 
relatively stable and well-oxygenated settings. Under anoxic con- 
ditions the Mermia ichnofacies is suppressed. 

The Mermia ichnofacies typifies permanently subaqueous 
zones of lacustrine systems, extending from shallow to deep 
bathymetric zones (Buatois and Mangano, 1995b) (see Section 
10.3). This ichnofacies is commonly present in open peren- 
nial siliciclastic lacustrine systems, but may occur in carbon- 
ate lakes also (Gibert et ah, 2000; Buatois et ah, 2000; Genise 
et al., 2010a). However, the ichnofacies may be present in flood- 
plain water bodies under subaqueous conditions (Buatois and 



Mangano, 2002; Mikulas, 2003) (see Section 10.2.2). The lower 
ichnodiversity of these floodplain assemblages in comparison 
with their lacustrine counterparts probably reflects less stable 
conditions and the temporary nature of floodplain ponds. Also, 
the Mermia ichnofacies may occur in fjord settings under fresh- 
water conditions due to glacial melting (Buatois and Mangano, 
1995b, 2003b; Buatois et al., 2006a, 2010a). 

There are no archetypal trace-fossil associations that clearly 
distinguish shallow- and deep-lacustrine environments, probably 
because of the wide variability of lakes. Accordingly, Buatois 
and Mangano (1998) considered the Mermia ichnofacies as a 
continental equivalent of the Cruziana, Zoophycos, and Nereites 
ichnofacies in the classical Seilacherian scheme. Trace-fossil 
assemblages typically recorded from relatively deep-lacustrine 
areas may also occur in shallower zones (e.g. Pickerill, 1992). 

The Mermia ichnofacies is known since the Carboniferous. In 
contrast to Paleozoic permanent subaqueous assemblages typi- 
fied by surface trails, Mesozoic and Cenozoic assemblages tend 
to contain a higher proportion of infaunal burrows (Buatois 
et al., 1996b). 

4.4.3 COPRINISPHAERA ICHNOFACIES 

The Coprinisphaera ichnofacies was introduced by Genise et al. 
(2000) in an attempt to detect recurrent trace-fossil assemblages 
in paleosols. This ichnofacies is characterized by: (1) dominance 
of trace fossils of bees, wasps, ants, and beetles; (2) subordin- 
ate presence of termite ichnofossils; (3) dominance of nesting 
traces or calichnia; (4) tiering structures that result from vari- 
able depths of emplacement of hymenopterous, termite, and 
dung-beetle nests; (5) moderate to relatively high ichnodiver- 
sity; and (6) high abundance (Fig. 4.18). 

The typical component of this ichnofacies is the dung beetle 
nest Coprinisphaera, which is present in most recorded occur- 
rences of the ichnofacies. Other beetle traces include Pallichnus, 
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Figure 4.18 Schematic reconstruc- 
tion of the Coprinisphaera ichno- 
facies. 
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Eatonichnus, Monesichnus, Fontanai, and Teisseirei. Common 
elements also include several bee trace fossils, such as Celliforma, 
Uruguay, Ellipsoideichnus, Palmiraichnus, and Rosellichnus. Other 
hymenopterous trace fossils belong to wasps ( Chuhutolithes, wasp 
cocoons), and a.nts{e.g. Attaichnus, Parowanichnus).Terrmtemsts, 
mostly Syntermesichnus, Coatonichnus, Tacuruichnus, or even 
some ichnospecies of Termitichnus ( T. schneideri) and Vondrichnus 
{V. planoglobus) may be locally present (Duringer et ah, 2007). 
In addition, Genise et al. (2000) noted that other components 
still await formal taxonomic documentation. Root trace fossils 
are also present. 

The Coprinisphaera ichnofacies strongly correlates with 
occurrences of herbaceous plant communities, mostly savannas, 
grasslands, prairies, and steppes (Genise et ai, 2000). This cor- 
relation reflects the fact that dung beetles provision their nests 
with excrement of vertebrate herbivores. Hymenopterous insects 
seek bare, dry soil exposed to sun and, therefore, display similar 
environmental preferences to dung-beetles. On the other hand, 
termites display different environmental tolerances, and are 
strongly dependent on atmospheric and soil moisture, mostly 
inhabiting tropical rain forests (Grasse, 1986). Accordingly, ter- 
mite nests are only occasionally present in the Coprinisphaera 
ichnofacies (Genise et al, 2000; Duringer et ah, 2007). 

The Coprinisphaera ichnofacies is typical of paleosols devel- 
oped in paleoecosystems of herbaceous communities (sensu 
Mueller-Dombois and Ellenberg, 1980), climatically ranging 
from dry and cold to humid and warm conditions (Genise et al., 
2000) (see Section 10.5). Evaluation of the relative abundance 
of the different trace fossils within the assemblage allows more 
refined paleoclimatological inferences. Hymenopterous traces 
tend to be dominant under drier conditions, whereas termite 
nests are linked to more humid environments (Genise et al., 
2000; Duringer et al., 2007). The Coprinisphaera ichnofacies 
occurs in paleosols that have developed in various depositional 
systems subject to subaerial exposure, including alluvial plains, 
overbank, and eolian settings. Undoubtedly, this reflects the 
capacity of insects to nest in many different sedimentary envi- 
ronments. The emerging pattern suggests that paleosol ichno- 
faunas, and the Coprinisphaera ichnofacies, in particular, are 
controlled by ecological parameters, such as vegetation, climate, 
and soil, rather than by depositional processes (Genise et al., 
2000 ). 

The presence of the Coprinisphaera ichnofacies is well docu- 
mented since the Paleocene (Genise et al., 2000). Although some 
Late Cretaceous assemblages contain fossil bee cells, coleopteran 
pupal chambers, wasp nests, and undetermined insect nests (e.g. 
Johnston et ai, 1996; Elliott and Nations, 1998), assignation 
to the Coprinisphaera ichnofacies is doubtful. Further research 
in Mesozoic terrestrial ichnofaunas may yield valuable insights 
into the evolution of paleosol ichnofacies. 

4.4.4 ICHNOFACIES 

The Termitichnus ichnofacies has a convoluted history. It was 
originally proposed by Smith et al. (1993) as a subset of the 



Scoyenia ichnofacies to include all paleosol trace-fossil assem- 
blages. Subsequently, it was regarded as an ichnofacies for all 
paleosol assemblages, but at the same hierarchical level of the 
Scoyenia ichnofacies (Buatois and Mangano, 1995b). However, 
Genise et al. (2000) suggested that the Termitichnus ichno- 
facies as originally defined be abandoned, because it does not 
reflect the diversity of paleosol settings and, therefore, fails to 
reveal significant paleoecological information. A definition of a 
Termitichnus ichnofacies sensu strictu that includes assemblages 
dominated by termite nests in paleosols of closed forest eco- 
systems was suggested pending recognition of its temporal and 
spatial recurrence (Genise et al., 2000, 2004a, 2010a). 

This ichnofacies is characterized by: (1) dominance of trace 
fossils of termites; (2) low ichnodiversity; and (3) high abundance 
(Fig. 4.19). Typical components are Termitichnus, Vondrichnus, 
Fleaglellius, and Krausichnus (Genise and Bown, 1994b). Root 
trace fossils are abundant, including ichnofossils of flank-but- 
tressed trees (Wing et al., 1995). Other associated trace fossils, 
such as Masrichnus (Bown, 1982), are of uncertain affinities 
(Genise and Cladera, 2004). 

The Termitichnus ichnofacies characterizes paleosols formed 
in closed forests {sensu Mueller-Dombois and Ellenberg, 1980) 
with plant growth under warm and humid conditions (Genise 
et al., 2000, 2004a, 2010a) (see Section 10.5). A high water table 
is indicated by the presence of trace fossils of flank-buttressed 
tress (Wing et al., 1995). The best-documented example of 
this ichnofacies was recorded in the Eocene-Oligocene Jebel 
Qatrani Formation of Egypt, which includes Termitichnus and 
other ichnotaxa attributable to fossil termite nests (Genise and 
Bown, 1994b). Additional examples are necessary to further 
document the stratigraphic recurrence of this ichnofacies, as 
well as its significance. 

4.4.5 CELLIFORMA ICHNOFACIES 

In a study dealing with the definition of paleosol ichnofacies, 
Genise et al. (2000) noticed the presence of a potentially recur- 
rent association in carbonate-rich paleosols (see also Genise 
et al., 2004a). More recently, Genise et al. (2010a) introduced 
the Celliforma ichnofacies to account for this specific type of 
ichnofauna. This ichnofacies is characterized by: (1) domin- 
ance of halictid bee nests; (2) association with hackberry endo- 
carps and freshwater and terrestrial snail shells; (3) dominance 
of callichnia; (4) presence of pupichnia; (5) moderate ichno- 
diversity; and (6) high abundance (Fig. 4.20). Typical compo- 
nents are Celliforma, Rosselichnus, Pallichnus, Rebuff oichnus, 
Palmiraichnus, and Teisseirei. Meniscate trace fossils ( Taenidium) 
and root structures are also common. 

The Celliforma ichnofacies characterizes carbonate-rich 
paleosols (Genise et al., 2010a). Most examples correspond to 
palustrine conditions, but occurrences in calcretes have been 
also documented (see Section 10.5). In the former case, the time 
of subaerial exposure was enough to allow the formation of 
well-aerated and bare soils required for hymenopteran nesting 
(Genise et al., 2010a). In the case of shorter subaerial exposure. 
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Figure 4.19 Schematic reconstruc- 
tion of the Termitichnus ichnofacies. 



Celliforma ichnofacies 



Figure 4.20 Schematic reconstruc- 
tion of the Celliforma ichnofacies. 
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the Scoyenia ichnofacies develops. Under continuous and pro- 
gressive desiccation of the substrate, the Scoyenia ichnofacies 
may be replaced by the Celliforma ichnofacies. Under terrestrial 
conditions, the Celliforma ichnofacies characterizes a drier cli- 
mate than the Coprinisphaera ichnofacies (Genise et ah, 2010a). 
In terms of the global plant formations of Mueller-Dombois and 
Ellenberg (1980), the Celliforma ichnofacies characterizes scrubs 
and woodlands. In the case of palustrine environments, it ranges 
from subhumid to subarid settings (Alonso-Zarza, 2003). 

The Celliforma ichnofacies is known since the Eocene (e.g. 
Melchor et al, 2002). A potential older occurrence may be repre- 
sented by the Calizas de Queguay, Uruguay, which may range into 
the Cretaceous, although more conclusive data on the age of this 
unit are necessary (Alonso-Zarza et al., 2010; Genise et al., 2010a). 



4.4.6 OCTOPODICHNUS-ENTRADICHNUS 
ICHNOFACIES 

Eolian ichnofaunas have received increasing attention in recent 
years, resulting in the proposal of archetypal ichnofacies in two 
independent studies (Fig. 4.21). Hunt and Lucas (2007) intro- 
duced the Octopodichnus ichnofacies, and Ekdale et al. (2007) 
the Entradichnus ichnofacies, both for eolian dune environments 
(see Section 10.4). The Octopodichnus ichnofacies of Hunt and 
Lucas (2007) consists of low diversity assemblages of arthro- 
pod trackways, mostly spiders and scorpions. The Entradichnus 
ichnofacies of Ekdale et al. (2007) consists of shallow traces 
of desert-dwelling arthropods, including vertical domiciles and 
meniscate traces. Diverging characterization of both eolian 
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Figure 4.21 Schematic reconstruc- 
tion of the Octopodichnus- 
Entradichnus ichnofacies. 



ichnofacies undoubtedly results from disparate databases. Hunt 
and Lucas (2007) based the Octopodichnus ichnofacies essen- 
tially on Permian eolian dunes, the Coconino Sandstone of 
Arizona being the classic example. In contrast, the Entradichnus 
ichnofacies of Ekdale et al. (2007) is mostly based on the study 
of Jurassic examples, more specifically the Navajo Sandstone of 
Utah. Differences may result from the fact that a change in eolian 
ichnofaunas seems to have occurred by the Permian-Triassic 
transition with the appearance of more varied behavioral pat- 
terns, and an increase in infaunal bioturbators (Gradzinski and 
Uchman, 1994; Buatois et al., 1998c) (see Section 14.2.6). Both 
datasets are integrated and combined here in a single ichno- 
facies, referred to as the Octopodichnus-Entradichnus ichnofacies 
(Buatois and Mangano, 2008b). Further studies in eolian ichno- 
faunas should be undertaken in order to refine the characteriza- 
tion of this ichnofacies. 



4.5 VERTEBRATE ICHNOEACIES 



Lockley et al. (1994) first proposed a series of vertebrate ichno- 
facies. However, subsequent work by Hunt and Lucas (2007) 
demonstrated that those tetrapod ichnofacies should be consid- 
ered ichnocoenoses because they represent the traces of specific 
communities that lack the recurrence that would warrant their 
consideration as archetypal ichnofacies. Accordingly, these 
authors re-evaluated vertebrate ichnofacies and defined five 
archetypal tetrapod ichnofacies for continental and coastal-plain 



environments: Chelichnus, Grallator, Brontopodus, Batrachichnus, 
and Characichichnos ichnofacies. In turn, they subdivided these 
ichnofacies into stratigraphically restricted, age-controlled ich- 
nocoenoses. Vertebrate ichnofacies commonly have less tempo- 
ral recurrence than their invertebrate counterparts. Hunt and 
Lucas (2007) suggested that vertebrate ichnofacies may provide 
greater resolution in terrestrial environments and that inverte- 
brate ichnofacies may be of greater precision in subaqueous 
freshwater environments. However, recent developments in ter- 
restrial invertebrate ichnology suggest increasing refinement of 
the paleosol ichnofacies model (Genise et al., 2010a). Some of 
the vertebrate ichnofacies directly correlate with invertebrate 
ichnofacies (e.g. Chelichnus and Octopodichnus-Entradichnus 
ichnofacies), while others may encompass more than one 
invertebrate ichnofacies (e.g. Characichichnos ichnofacies cov- 
ering both the Mermia and Skolithos ichnofacies), or may rep- 
resent a subdivision of an invertebrate ichnofacies (Grallator, 
Brontopodus, and Batrachichnus ichnofacies as subdivisions of 
the Scoyenia ichnofacies) (see Hunt and Lucas, 2007, Fig. 1). 
Freshwater invertebrate ichnofacies are controlled by the posi- 
tion of the water table and terrestrial invertebrate ichnofacies 
essentially by climate and plant formation. However, elucida- 
tion of the controlling factors in delineation and distribution 
of vertebrate ichnofacies requires further research. Recent work 
seems to indicate that the distribution of tetrapod trace fossils 
is more related to regional factors, such as climate and resource 
availability, than to local environmental factors at the scale of 
subenvironments (Krapovickas, 2010). 
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4.5.1 CHELICHNUS ICimOFAClES 

The Chelichnus ichnofacies was defined by Hunt and Lucas 
(2007) to replace the Laoporus ichnofacies formerly introduced 
by Lockley et al. (1994). It is characterized by: (1) dominance of 
tetrapod trackways whose manual and pedal tracks are equant 
in shape, subequal in size, and have short digit impressions; and 
(2) low ichnodiversity. Chelichnus and Brasilichnium are common 
elements. This ichnofacies occurs in dune faces of eolian envi- 
ronments (see Section 10.4). The Chelichnus ichnofacies encom- 
passes two ichnocoenoses: the Chelichnus and the Brasilichnium 
ichnocoenoses (Hunt and Lucas, 2007). The former is com- 
mon in the Permian, while the latter occurs in the Triassic and 
Jurassic. Overall the Chelichnus ichnofacies ranges in age from 
the Permian to the Jurassic. It correlates with the Octopodichnus- 
Entradichnus ichnofacies in the invertebrate realm. 

4.5.2 GRALLATOR ICHNOFACIES 

The Grallator ichnofacies was defined by Hunt and Lucas (2007) 
and represents a refinement of several ichnofacies formerly 
introduced by Lockley et al. (1994) and Lockley (2007) that are 
now regarded as ichnocoenoses. It is characterized by: (1) dom- 
inance of trackways of trydactil avian and non-avian thero- 
pods or other bipeds; and (2) moderate ichnodiversity. Typical 
components are Grallator, Jindongornipes, Koreanoformis, 
Avipeda, Brachychirotherium, Rhychosauroides, and Eubrontes. 
Environmentally, this ichnofacies typifies lacustrine shorelines 
(see Section 10.3). The Grallator ichnofacies includes four ichno- 
coenoses: the Grallator, Eubrontes, Jindongornipes, and Avipeda 
ichnocoenoses (Hunt and Lucas, 2007). The Grallator ichno- 
coenosis is typical of Late Triassic, the Eubrontes ichnocoenosis 
occurs in the Early Jurassic, the Jindongornipes ichnocoenosis is 
present in Early Cretaceous rocks, and the Avipeda ichnocoeno- 
sis (shorebird ichnofacies of Lockley et ah, 1994) characterizes 
Cenozoic assemblages. Overall the Grallator ichnofacies ranges 
in age from the Triassic to the Recent. 

4.5.3 B/fONTOPOD C/5 ICHNOFACIES 

The Brontopodus ichnofacies was introduced by Hunt and 
Lucas (2007). As in the case of the Grallator ichnofacies, the 
Brontopodus ichnofacies encompasses several ichnofacies for- 
merly introduced by Lockley et al. (1994) that are considered to 
be ichnocoenoses by Hunt and Lucas (2007). The Brontopodus 
ichnofacies is characterized by: (1) dominance of trackways of 
terrestrial herbivores; (2) subordinate presence of trackways of 
terrestrial carnivores; and (3) moderate ichnodiversity. Typical 
components of this ichnofacies are Caririchnium, Ceratopsipes, 
Amblydactylus, and Brontopodus. The Brontopodus ichnofacies 
tends to occur in coastal-plain to shoreline environments, 
including lacustrine margins (see Section 10.3). Therefore, 
there is some environmental overlap between the Grallator and 
Brontopodus ichnofacies, the latter encompassing, in addition, 
marine shorelines. Additional work is required to evaluate 



which specific controlling factors are involved in both ichno- 
facies (Krapovickas, 2010). The Brontopodus ichnofacies encom- 
passes five ichnocoenoses: the Parabrontopus, Caririchnium, 
Ceratopsipes, Amblydactylus, and Brontopodus ichnocoenoses 
(Hunt and Lucas, 2007). The Parabrontopus ichnocoenosis 
occurs in Late Jurassic lacustrine shorelines, the Caririchnium 
ichnocoenosis is typical of Early Cretaceous clastic marine 
shorelines, the Ceratopsipes ichnocoenosis is present in Late 
Cretaceous coastal plains, the Amblydactylus ichnocoenosis 
characterizes Early to Late Cretaceous clastic marine shorelines, 
and the Brontopodus ichnocoenosis typifies Early Cretaceous 
carbonate marine shorelines. The Brontopodus ichnofacies 
ranges in age from the Jurassic to the Cretaceous. 

4.5.4 BA TRA CHICHNUS ICHNOFACIES 

The Batrachichnus ichnofacies was introduced by Hunt and Lucas 
(2007). This ichnofacies is characterized by: ( 1 ) dominance of track- 
ways of quadrupedal carnivores; and (2) moderate ichnodiversity. 
Typical components are Batrachichnus, Limnopus, Amphisauropus, 
Dromopus, Dimetropus, Gilmoreichnus, and Chirotherium. This 
ichnofacies represents a wide variety of environments ranging from 
distal alluvial fans, and fluvial plains to tidal flats (see Sections 
10.2 and 7.2). Two ichnocoenoses are recognized within the 
Batrachichnus ichnofacies: the Batrachichnus and Chirotherium ich- 
nocoenoses (Hunt and Lucas, 2007). The former is typically Early 
Carboniferous-Early Permian while the latter is Triassic. Overall 
the ichnofacies ranges from the Devonian to the Triassic. 

4.5.5 CHARACICHICHNOSICUNOPACWS 

Hunt and Lucas (2007) proposed the Characichichnos ichno- 
facies. This ichnofacies is characterized by (1) dominance of 
swimming tracks and trails; and (2) moderate ichnodiversity. 
Typical components are Characichichnos, Undichna, Lunichnium, 
Puertollanopus, Serpenticlmus, Batrachichnus, and Hatcherichnus. 
This ichnofacies represents lacustrine settings and inner zones 
of tide-dominated estuaries (see Sections 10.3 and 8.1.2). Three 
named ichnocoenoses have been recognized: Serpentichnus, 
Characichichnos, and Hatcherichnus (Hunt and Lucas, 2007). 
The Serpentichnus ichnocoenosis occurs in the late Paleozoic, 
the Characichichnos ichnocoenosis is of Middle Jurassic age, and 
the Hatcherichnus is present in Upper Jurassic strata. In terms 
of correlation with invertebrate ichnofacies, the Characichichnos 
ichnofacies commonly overlap with the Mermia ichnofacies in 
lacustrine settings. In the case of late Paleozoic inner-estuarine 
deposits (Serpentichnus ichnocoenosis), it is typically associated 
with a mixed Scoyenia-Mermia ichnofacies. 

4.6 PITEALLS AND CONFUSIONS IN ICHNOFACIES 
ANALYSIS 



Despite the efforts of many workers in addressing the ichno- 
facies model (e.g. Frey and Pemberton, 1984; Pemberton et al.. 
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Figure 4.22 Schematic illustration of the ichnofacies model for invertebrate trace fossils. Individual ichnofacies indicate a precise set of environ- 
mental conditions rather than a depositional environment. 



2001; MacEachern et al., 2007a), it is impossible to avoid the 
feeling that this model is still poorly understood. Because the 
ichnofacies model has been historically seen by some authors 
(e.g. Goldring, 1993, 1995) as competing against the ichnofab- 
ric approach, it will be discussed and evaluated in more detail 
at the end of the next chapter, which deals with ichnofabrics. 
However, some comments seem pertinent here. 

A common misconception is to assume a direct correl- 
ation between ichnofacies and depositional environments. 
Ichnofacies are not indicators of sedimentary environments, 
but reflect the complex interplay of a set of environmental fac- 
tors (Fig. 4.22). As expressed by Frey et al. (1990), ichnofacies 
are not intended to be paleobathymeters either. A well-known 
and repeated example is the occurrence of the Skolithos ichno- 
facies, typical of nearshore settings, in offshore tempestites 
and deep-marine turbidites (e.g. Crimes, 1977; Pemberton 
and Frey, 1984a; Pemberton and MacEachern, 1997). The 
Cruziana ichnofacies, though typical of lower-shoreface 
to offshore deposits, may be present in shallower settings, 
commonly intertidal flats of tide-influenced shorelines (e.g. 
Mangano et al., 2002a; Mangano and Buatois, 2004a, b). 
Regardless of the depositional environment, it is the animal 



response to a set of particular environmental conditions that 
defines an ichnofacies. 

This is also true for continental ichnofacies and, therefore, the 
search for exact equivalences between continental ichnofacies 
and depositional environments is futile. Individual invertebrate 
ichnofacies occur in a wide variety of environmental settings. In 
these cases, water availability is a fundamental control in trace- 
fossil distribution (Gierlowski-Kordesch, 1991) and sediment 
water content strongly influences substrate consistency. The 
role of substrate consolidation as controlling trace-fossil pres- 
ervation is remarkable (e.g. Buatois et al, 1997a; Buatois and 
Mangano, 2002, 2004a, 2007) and the Scoyenia and Mermia 
ichnofacies can be seen, at least in some sense, as taphofacies 
sensu Bromley and Asgaard (1991). As is the case of substrate- 
controlled ichnofacies in marine carbonates (e.g. Bromley, 1975), 
a single continental bed may represent the activity of more than 
one substrate-controlled suite, revealing the presence of compos- 
ite ichnofacies (Buatois and Mangano, 2002, 2004a; Scott et ah, 
2009). 

Further confusion derives from the idea that ichnofacies 
characterization is equivalent to the mere listing of presence 
or absence of morphological patterns, as in the approach 
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undertaken by Keighley and Pickerill (2003) to analyze conti- 
nental ichnofacies. There are two main flaws in this approach 
(see also Melchor et ah, 2006 for a critical re-evaluation). First, 
an ichnofacies is more than a collection of morphologies. Just 
to name a few additional aspects, ichnodiversity, relative abun- 
dance of their different components, preservational styles, 
and trophic types represented are equally important. Second, 
mere documentation of the presence of certain morphologies, 
albeit “objective”, may not be informative because without a 
proper analysis in terms of functional morphology and behav- 
ior involved, the actual significance of the trace fossil cannot be 
evaluated (see Section 2.1). For example, group I of Keighley 
and Pickerill (2003) is labeled “Systematic-coverage branch- 
ing burrow networks”, and is exemplified by Paleodictyon and 
Vagorichnus. However, both ichnotaxa have little in common 
with respect to behavior, feeding strategies, and preservational 
style and, therefore, the presence of group I in a particular trace- 
fossil assemblage does not provide any precise information. 
Obviously, ichnofacies characterization and recognition imply 
to a certain degree interpretation, but this is intrinsic to any sci- 
entific enterprise: there is no algorithm that allows us to recog- 
nize an ichnofacies or to interpret a depositional environment. 

Another misunderstanding is the idea that ichnofacies can 
be replaced by ichnocoenosis (e.g. Hasiotis, 2004). Both are 
very different notions and are applicable to different scales of 



analysis, so replacing ichnofacies by ichnocoenosis is not advis- 
able, in fact, it is not possible without damaging the hierarchical 
conceptual framework of ichnology (Bromley et ah, 2007) (see 
Box 1.1). Ichnofacies are not real entities of the biological world, 
but constructs. One ichnofacies embraces a number of recorded 
ichnocoenoses in the fossil record and an unknown number of 
potential ichnocoenoses awaiting to be identified; here is rooted 
the predictive strength of the ichnofacies model. The ichnofacies 
extracts the biological signal to a complex interplay of physical 
parameters. In short, attempts to replace ichnofacies by ichno- 
coenosis represent a step backward in our search for common 
themes that allow us to use trace fossils as a predictive tool in 
facies modeling. 

Finally, a common pitfall is the assertion that if a particu- 
lar trace-fossil assemblage or ichnocoenosis cannot readily 
be ascribed to one ichnofacies, then the ichnofacies model 
is not valid (e.g. Hasiotis, 2004). On the contrary, the ichno- 
facies model serves as a norm and departures may serve to 
recognize anomalous situations. For example, the absence of 
the Cruziana ichnofacies in offshore deposits may be linked 
to the presence of some stress factor (e.g. limited oxygen). In 
the absence of a norm that helps in establishing predictions, 
it would be impossible to detect an anomaly, and any attempt 
to link a certain set of biogenic structures with environmen- 
tal factors would be doomed. 
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I confess frankly, it was the warning voice of David Hume that first, years ago, roused me from dogmatic slumbers, and gave a new 
direction to my investigations in the field of speculative philosophy. 

Immanuel Kant 
Critique of Pure Reason (1781) 

We now come to the more immediate subject of this volume, namely the amount of earth which is brought up by worms from beneath 
the surface. 

Charles Darwin 

The Formation of Vegetable Mould Through the Aetion of Worms with Observations on their Habits (1881) 



The ichnofabric approach represents a relatively new trend in 
ichnology that started in the second half of the eighties, becoming 
much more popular since the nineties. As is the case of the ichnofacies 
model, the ichnofabric approach has been frequently misunder- 
stood. Earlier studies involving ichnofabrics put too much emphasis 
on assessing bioturbation and other more significant aspects, such 
as tiering or evaluation of successive bioturbation events, were com- 
monly overlooked. Even worse, the idea that measuring the intensity 
of bioturbation could replace trace-fossil identification as ground 
data for paleoenvironmental interpretations persisted for some 
years. At present, the idea that ichnofabric analysis is simply meas- 
uring the degree of bioturbation has been mercifully abandoned 
by all serious workers. If the ichnofabric approach is understood 
as a comprehensive way of analyzing bioturbated deposits, then 
the wealth of information that may be obtained is huge and not 
only restricted to paleoenvironmental reconstructions but also of 
significant potential in understanding reservoir properties, benthic 
paleoecology, and evolutionary paleoecology. German philoso- 
pher Immanuel Kant expressed that his reading of his British peer 
David Hume roused him from his dogmatic slumber and led him 
to become a “critical philosopher”. In the same vein, the focus of 
this chapter, the ichnofabric approach, with its emphasis on tapho- 
nomic aspects, helps us to avoid taking the trace-fossil record at 
face value, permeating the whole interpretative process with some 
healthy criticism. We will start by providing the basics of the tiering 
concept before moving into a review of the ichnofabric concept, 
including aspects of quantifying the degree of bioturbation, visual 
strategies to present ichnofabric data, the paramount role of taph- 
onomy, and the different types of ichnofabrics. Then, we will pre- 
sent the concept of ichnoguild, which, in our view, is central to the 
ichnofabric approach. Later, we will briefly review recent develop- 
ments in the field of paleosol ichnofabrics. We will then address the 
general role of bioturbation, bioerosion, and biodeposition, before 
moving to the issue of bioturbation-enhanced permeability and res- 
ervoir characterization, a recently developed topic, which is having 
a strong impact in the petroleum industry. Finally, we will compare 
the ichnofacies and ichnofabric approaches. 



5.1 TIERING 



Tiering consists of the vertical partitioning of the habitat 
(Ausich and Bottjer, 1982; Bromley and Ekdale, 1986). It is in 
fact a synonym of ecological stratification (Seilacher, 1978), but 
this may be confused with the current use that geologists give 
to the term “stratification”, and has not met with acceptance. 
Subaqueous substrates occupied by endobenthic communities 
are vertically zoned as a response to physical, chemical, and bio- 
logical parameters (Bromley, 1990, 1996). Also, the water col- 
umn displays vertical partitioning, and epifaunal and infaunal 
suspension-feeding animals obtain their food at several levels 
above the sediment surface (Ausich and Bottjer, 1982). 

The tiering concept applied to the study of endobenthic com- 
munities has been incorporated in ichnology. The most import- 
ant environmental factors that control tiering of endobenthic 
communities are consolidation of the substrate, organic matter, 
and oxygen (Bromley, 1990, 1996). Sediment compaction due to 
vertical accretion of the sea floor and progressive burial leads 
to dewatering and an increase in substrate consistency. As a 
result, shallow-tier organisms burrow in poorly compacted soft 
sediment, while deeper structures are emplaced in dehydrated 
and firm sediment (Bromley and Ekdale, 1986). The vertical 
distribution of organic matter displays a peak in abundance in 
the proximity of the sediment-water interface, resulting in the 
profusion of detritus and shallow-tier deposit feeders. Deeper 
within the sediment, organic matter decreases in abundance, 
resulting in a reduction of the biomass (Bromley, 1990, 1996). 
Oxygen content follows a similar trend, decreasing within the 
sediment; the redox discontinuity separates oxic from anoxic 
sediment. 

Studies on modern ocean sediments allow reconstruction of the 
tiered structure of the infaunal community (Berger et ah, 1979; 
Ekdale et al., 1984). The uppermost centimeters of the sediment 
are referred to as the mixed zone. In this zone, sediment is satu- 
rated in water and totally homogenized by bioturbation, but no 
discrete traces are recognized. Below this zone lies the transition 
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zone, which is extremely heterogeneous due to the activity of 
deep burrowers, and displays tiered endobenthic communities 
(Savrda, 1992). The deepest sediment zone is the historical zone, 
which is located beyond the reach of even the deepest burrow- 
ers and, therefore, does not display active bioturbation. Because 
of continuous vertical accretion of sea-floor sediment, the mixed 
and transition zones of a given time are buried and become the 
historical zone. The typical record consists of an indistinctive 
burrow mottling formed in the mixed zone overprinted by well- 
defined discrete traces emplaced in the transition zone. 

Unraveling the tiering structure of fossil examples can be a 
difficult task particularly in intensely bioturbated deposits in 
which trace fossils display complex cross-cutting relationships. 
The tiering structure and timing of emplacement in a given 
ichnofabric can be established by looking at cross-cutting rela- 
tionships, burrow walls, and burrow fill, and by comparisons 
with modern examples (Bromley and Ekdale, 1986; Bromley, 
1990, 1996; Taylor et al., 2003). Under vertical accretion of 
the sea floor due to suspension fallout, deeper structures cross- 
cut shallow traces. If the rate of sedimentation is too low, the 
shallow-tier structures are totally obliterated by the activity of 
deep bioturbators. In addition, deep-tier trace fossils display 
well-defined morphologies and sharp boundaries as a result of 
their emplacement in stiffer substrates. Burrow-fills of these 
deep-tier structures tend to contrast with the host rock, reflect- 
ing active particle sorting by the organisms or material that is 
piped down from the surface (Bromley, 1990, 1996; Taylor and 
Goldring, 1993). Furthermore, deep-tier trace fossils are filled 
with chemically dynamic material (e.g. fecal sediment, surface 
material, metabolic products) within the reducing organic-poor 
host sediment, therefore promoting the formation of a digenetic 
microenvironment that helps to initiate mineralization, enhan- 
cing the visibility of the biogenic structures (Bromley, 1990, 
1996). As a result, the preservation potential and visibility of 
deep-tier trace fossils is higher than those of shallower struc- 
tures (Wetzel and Werner, 1981; Werner and Wetzel, 1982). 

5.2 ICHNOFABRICS: CONCEPTS AND METHODS 



An ichnofabric refers to any aspect of the texture and internal 
structure of a substrate resulting from bioturbation and bioero- 
sion at any scale (Bromley and Ekdale, 1986). The related term 
bioturbate texture (Frey, 1973) shares many aspects in common 
with ichnofabric, but it does not include textures and struc- 
tures resulting from bioerosion, and has not been extensively 
used. Application of the ichnofabric concept to paleoenviron- 
mental reconstructions resulted in the so-called “ichnofabric 
approach”. This approach represents a relatively new trend in 
ichnology that has been actively promoted since the organiza- 
tion of the first of a series of ichnofabric workshops in 1991. 
In more traditional ichnological studies, there is commonly a 
tendency to analyze only those structures that one can classify 
following current ichnotaxonomic procedures (i.e. discrete trace 
fossils). However, both discrete traces and poorly defined bur- 
row mottling are taken into consideration in the ichnofabric 



approach (Bottjer and Droser, 1991). In addition, ichnofabric 
analyses are usually based on observations in cross-sections, 
where cross-cutting relationships and tiering structure can 
be evaluated. As with the ichnofacies model, the ichnofabric 
approach emphasizes the synecology of the endobenthic com- 
munity, although an ichnofabric may represent the work of 
more than one community. However, tiering analysis is a key 
component of the ichnofabric approach, but has not been trad- 
itionally included within the ichnofacies paradigm. 

5.2.1 QUANTIFYING BIOTURBATION AND 
ILLUSTRATING ICHNOFABRICS 

Initially, a lot of effort was devoted to scaling degree of bioturb- 
ation. An early scheme was proposed by Moore and Scrutton 
(1957), but the proposal by Reineck (1963, 1967) is the one that 
has gained subsequent acceptance (e.g. Howard and Frey, 1975; 
Frey and Wheatcroft, 1989; Taylor and Goldring, 1993; Taylor 
et al., 2003). In Reineck’s scheme seven grades of bioturb- 
ation are distinguished, ranging from 0 for unbioturbated sedi- 
ments to 6 for those that have undegone complete bioturbation. 
Subsequently, Droser and Bottjer (1986, 1989) put forward a 
semiquantitative field classification of ichnofabrics based on five 
ichnofabric indexes displayed by a series of flashcards designed 
for different environmental situations (e.g. high-energy elastics 
with Ophiomorpha or Skolithos, pelagic fine-grained sediments 
with mottlings). Although quite attractive in terms of providing 
a visual aid to evaluate bioturbation intensity, it needs to be used 
with caution because it does not address the composite nature 
of most ichnofabrics. More recently, Taylor and Goldring (1993) 
defined bioturbation indexes based on the categories established 
by Reineck. However, they noted that the original grades proposed 
by Reineck were based on a measurement of the percentage area 
bioturbated, although bioturbation should be measured as a unit 
volume per unit time, as stated by Frey and Wheatcroft (1989). 
Because such a procedure is extremely time consuming and diffi- 
cult to follow, Taylor and Goldring (1993) favored a descriptive 
approach instead of a semiquantitative one. Accordingly, they 
maintained the original categories by Reineck, but based their 
definition in terms of burrow density, amount of burrow overlap, 
and the sharpness of the original fabric (Fig. 5.1). This scheme 
has been adopted in many ichnological studies because it is more 
precise and particularly appropriate for describing composite 
ichnofabrics (Ekdale and Bromley, 1991). In addition, as noted 
by Frey and Pemberton (1991), to characterize an unbioturbated 
layer with a bioturbation index of 0 (Taylor and Goldring, 1993) 
seems to be more logical than using an ichnofabric index of 1 
(Droser and Bottjer, 1986, 1989). Another scheme by Miller and 
Small (1997) is used to establish the density of biogenic structures 
along bedding planes, while that of Montague et al. (2010) has 
been proposed for microbioerosion. 

Scaling of bioturbation is important because the establishment 
of well-defined grades conveys more information than simply 
stating that sediment is sparsely bioturbated or intensely bio- 
turbated. However, other aspects, such as tiering or evaluation 
of successive bioturbation events, should not be overlooked. 
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Figure 5.1 Graphic illustration of the different categories of bioturbation index of Taylor and Goldring (1993). BI = 0 is characterized by no bioturb- 
ation (0%). BI = 1 (1^%) is for sparse bioturbation with few discrete traces. In the example illustrated, a few biogenic structures, such as Planolites (PI), 
Diplocraterion (Di) and escape trace fossils (Es), exist in the storm and fair-weather deposits. BI = 2 (5-30%) is represented by low bioturbation in sedi- 
ment that still has preserved sedimentary structures. This is illustrated by the presence of a number of burrows, including Planolites {PI), Diplocraterion 
(Di), Teichichnus{Te), Skolithos (Sk), and escape trace fossils (Es), in both storm and fair-weather deposits. BI = 3 (31-60%) describes an ichnofabric 
with discrete trace fossils, moderate bioturbation and still distinguishable bedding boundaries. In addition to the ichnotaxa previously mentioned, 
Thalassinoides (Th) and Rosselia (Ro) are added in the example. BI = 4 (61-90%) is represented by intense bioturbation, high trace-fossil density, com- 
mon overlap of trace fossils, and primary sedimentary structures are mostly erased. Some deep-tier trace fossils, such as Zoophycos (Zo) and Chondrites 
(Ch), are added in the example, together with undifferentiated burrow mottlings. BI = 5 (91-99%) is characterized by sediment with completely disturbed 
bedding and intense bioturbation. BI = 6 (100%) is for completely bioturbated and reworked sediment, related to repeated overprinting of trace fossils. 



Visual graphics are useful to illustrate the main characteristies 
and origin of ichnofabrics. In particular, Taylor and Goldring 
(1993) proposed ichnofabric constituent diagrams as a way to 
illustrate the type and size of trace fossils, the percentage of 
bioturbated area, the depth and order of emplacement of each 
Ichnotaxon, and the associated physical sedimentary structures 
in an iehnofabrie. Although these diagrams summarized a large 
amount of data, they may be hard to visualize in some cases and 
their elaboration is rather time consuming. A more straightfor- 
ward way of illustrating ichnofabrics was suggested by Bromley 
(1996), who combined ichnofabric icons, tiering diagrams, and 
estimation of degree of bioturbation for eaeh tier (Fig. 5.2). 

5.2.2 TAPHONOMY OF ICHNOFABRICS 

One of the most important lessons learnt from the Ichnofab- 
ric approach is the importance of taphonomy (Bromley, 1990, 
1996). As in the case of body fossils, the fossilization barrier 
is a powerful taphonomie filter that separates the vast amount 
of biogenle structures produced in the sediment from the small 
proportion that become fossilized, passing to the traee-fossil 
record (Seilacher, 1967a). Trace fossils are subjeeted to their 
own taphonomie rules that result In a series of preservational 
biases. A careful evaluation of the taphonomie aspects involved 
helps to avoid the pitfalls associated with a naive reading of the 
trace-fossil record. The different biogenic structures produced in 
the sediment have variable preservation potential (Fig. 5.3a-c). 
Accordingly, the preserved ichnofabrics do not represent the 



exact copy of the original endobenthic community. As noted 
previously, although most of animal activity is concentrated 
in the uppermost centimeters of the substrate, the preservation 
potential of these shallow-tier structures is very low. In con- 
trast, some deep-tier structures produced by mobile tracemak- 
ers represent the activity of key bioturbators that may obliterate 
any evidence of shallower tiers (Fig. 5.4a). Therefore, these 
deep-tier trace fossils are commonly the dominant component 
in an ichnofabric and have been referred to as elite trace fossils 
(Bromley, 1990, 1996). Also, elite trace fossils may be produced 
by preferential diagenesis. For example, Thalassinoides may be 
diagenetically enhanced due to the formation of minerals and 
associated concretionary growth (Bromley and Ekdale, 1984a) 
(Fig. 5.5). Unfortunately, shallow-tier traces are most sensitive 
to environmental fluctuations because they are formed close 
to the sediment-water interface, while deep-tier traces do not 
reflect sea-bottom conditions with such precision (Bromley and 
Ekdale, 1986). This problem lies at the core of the current contro- 
versies surrounding the paleoenvironmental implications of the 
Zoophycos ichnofacies (see Section 4.3.4). In fact, overlooking 
the taphonomie bias of some intensely bioturbated ichnofabrics 
may result in erroneous interpretations. Monospecific ichno- 
faunas are commonly linked to stress factors (e.g. dysaerobic 
or brackish-water conditions) typical of unstable environments. 
However, if monospecific ichnofaunas occur in intensely bio- 
turbated ichnofabrics resulting from the activity of deep biotur- 
bators, the low ichnodiversity may be a taphonomie artifact that 
reflects slow rates of sedimentation in a very stable environment. 
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Figure 5.2 Visualization of ichnofabrics using ichnofabric icons, tiering diagrams and percentage of bioturbation per tier according to Bromley (1996). 
(a) Ichnofabric dominated by mid- to deep-tier vertical burrows in a high-energy middle-shoreface sandstone, (b) Ichnofabric characteristic of a 
low-energy offshore, displaying a complex tiering structure, (c) Ichnofabric of low-energy shelf deposits displaying low diversity of trace fossils and 
a combination of shallow and deep tiers. 



In short, although degree of bioturbation and ichnodiversity are 
two different aspects (see Section 6.3), they should be considered 
in conjunction while performing an ichnological study. 

Exceptionally shallow-tier structures may be preferentially pre- 
served in the fossil record, commonly forming frozen-tiering pro- 
files (Savrda and Bottjer, 1986). A typical example is related to 
episodic sedimentation that leads to cessation of bioturbation due 
to rapid burial (Orr, 1994) (Fig. 5.4b). Preservation of upper tiers is 
complete under no erosion and partial if some erosion is involved 
(Fig. 5.4c). The classic example is the preservation of shallow-tier 
graphoglyptids at the base of thin-bedded turbidites (e.g. Seilacher, 
1962; Kern, 1980; Uchman, 1995). Similar situations may occur 
in distal tempestites of shallow-marine environments and ash fall 
deposits of volcanic terranes. When erosion occurs and the tiering 
structure of the endobenthic community is known, estimation of 
the minimum amount of erosion of the sea floor can be established 
based on the study of the washed-out tiers preserved as casts on the 
base of the event bed, thereby providing a measure of stratigraphic 
completeness (Wetzel and Aigner, 1986). A different way of gener- 
ating frozen tiering profiles is due to a rapid deoxygenation event 
that leads to an immediate suppression of bioturbation and the 
preservation of all tiers, including those formed in the mixed zone 
(Savrda and Ozalas, 1993) (Fig, 5.4d). This situation is common 
in oxygen-depleted pelagic settings, typically shelf to deep-marine 
environments (see Section 6.1.3). Shallow-tier trace fossils can also 



be preserved in environments characterized by short breaks in 
sedimentation and, therefore, short duration of the colonization 
window (see Section 6.1.3). This is typical of slack- water depos- 
ition in intertidal settings, followed by minimal erosion during 
deposition of the subsequent flood or ebb event, as illustrated 
by tidal rhythmites in inner-estuarine settings (e.g. Buatois et al., 
1997b). Another excellent example of preservation of very shal- 
low-tier structures occurs in Burgess Shale-type deposits. In this 
case, pristine preservation of subsuperficial structures results from 
the absence of deep-tier bioturbation (the Zoophycos-Chondrites 
ichnoguild) in dysoxic settings below storm wave base (Mangano, 
2011) (see Sections 6.1.3 and 6.2). 

5.3 TYPES OF ICHNOFABRICS 



Two main types of ichnofabrics, simple and composite (Box 
5.1), have been recognized by Bromley and Ekdale (1986). 
Simple ichnofabrics result from the activity of a single endo- 
benthic community at a given moment and are, therefore, the 
product of a single bioturbation or bioerosion event (Fig. 5.6a). 
They are commonly characterized by single-tier colonization 
as a result of the activity of opportunistic forms (Taylor et al., 
2003). In this case, the associated colonization surface occurs 
at the top of the event bed. However, in other cases no colon- 
ization is involved and organisms may enter the event bed from 
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Figure 5.3 Variable preservation potential of intertidal biogenic struc- 
tures. (a) Grazing trails produced on a tidal flat. Beach near Estancia 
Maria Luisa, Tierra del Fuego, Argentina. Scale bar is 2 cm. (b) 
Trackways produced by the crab Uca on a backshore. Aracaju, north- 
east Brazil. Lens cap is 5.5 cm. (c) Burrow entrance and scratch marks 
of the crab Uca in backshore sediments. Aracaju, northeast Brazil. Lens 
cap is 5.5 cm. The preservation potential of the trails, trackways, and 
scratch marks is essentially zero. The only structure with relatively high 
preservation potential is the Uca burrow (incipient Psilonichnus). 

below by moving upwards, forming adjustment or escape trace 
fossils (Taylor et al., 2003). 

Composite ichnofabrics are much more common than sim- 
ple ichnofabrics in the stratigraphic record, and are produced 
by the replacement of successive communities or by the upward 
migration of a tiered community. In the first case, community 
replacement results from a change in environmental conditions, 
such as a progressive increase in the degree of consolidation of 
a substrate, which is conducive to the cross-cutting of previously 



emplaced burrows by subsequent burrows and borings (e.g. 
Bromley, 1975; Mangano and Buatois, 1991; Lewis and Ekdale, 
1992) (Fig. 5.6b). In the second case, vertical migration and trace- 
fossil cross-cutting reflect gradual accretion of the sea floor due 
to slow, steady sedimentation (Bromley and Ekdale, 1986; Orr, 
1994) (Fig. 5.6c). An increase in substrate consistency results 
from compaction during vertical accretion of the substrate, lead- 
ing to the emplacement of deeper burrows in a firmer substrate. 
However, no lithification is involved in the latter case and differ- 
ent tiers (deep-tiers cross-cutting shallower ones) are involved. 
Bedding planes displaying superposition of ichnocoenoses from 
successive communities are known as palimpsest surfaces. 

A not always obvious case of composite ichnofabric is illus- 
trated by a dense surface covered by Lockeia siliquaria in 
Carboniferous intertidal sandstones (Mangano et al., 1998, 
2002a). Detailed analysis of the surface reveals at least two colon- 
ization events, resulting in a palimpsest surface. The first bivalve 
population was eroded away, leaving only the basal resting struc- 
tures. This was followed by sedimentation and a new colonization 
event. Cross-cutting relationships and burrow infill provide evi- 
dence for a composite ichnofabric in a monospecific trace-fossil 
assemblage. A similar situation may explain many occurrences 
of Skolithos and Syringomorpha ichnofabrics (e.g. Mangano and 
Buatois, 2004b; Desjardins et al., 2010a) (Box 5.1). In the absence 
of clear colonization surfaces, the lack of lithological contrast in 
burrow infill from different populations makes it almost impos- 
sible to distinguish successive colonization events. 

Although not always possible, establishing the colonization 
surface associated with each bioturbation or bioerosion event is 
of paramount importance in the analysis of composite ichno- 
fabrics, because it allows the unraveling of the depositional his- 
tory of the sedimentary unit and its associated environmental 
significance. In some cases, the environmental conditions operat- 
ing at the time of deposition have little connection with those of 
the bioturbation or bioerosion event. The deeper a trace fossil is 
emplaced, the more cautious our approach should be in linking 
the colonization event with environmental conditions at the time 
of deposition. For example, coastal-eolian dune deposits may 
contain specimens of Ophiomorpha, penetrating from an over- 
lying marine transgressive deposit. A careless examination of 
this situation may lead to the misinterpretation of Ophiomorpha 
as formed under terrestrial conditions. The problematic Lower 
Silurian fossil plant Pinnatiramosus qianensis has challenged our 
present knowledge on the origin and early evolution of vascu- 
lar plants, which seem to have occurred by the Early Devonian. 
However, recent research suggests that the plant fossil is in fact 
a root system penetrating from overlying Permian deposits 
(Edwards et al., 2007). Supposed Mesoproterozoic burrows have 
ended up as being identified as recent termite burrows emplaced 
within the Precambrian rocks (Cloud et al., 1980). 

5.4 THE ICHNOGUILD CONCEPT 



Analysis of infaunal tiering structure suggests that organ- 
isms tend to group together within the same tier to exploit 



The ichnofabric approach 



b 



c 



preservabon of all tiers 



erosion of uppper tiers 




Figure 5.4 Formation of tiering profiles, (a) Tiering profiles formed during background sedimentation characterized by vertical accretion of the sea 
floor. Deep-tier structures migrate upwards to keep pace with sedimentation and obliterate shallow-tier structures, (b) Formation of frozen-tiering 
profiles associated with episodic sedimentation. In the absence of erosion, even the shallowest tiers are preserved, (c) With erosion, the upper tiers 
are removed, (d) Formation of frozen-tiering profiles associated with deoxygenation events that allow preservation of shallow tiers. Phycosiphon 
(Ph) represents the shallow tier, while Thalassinoides (TIi) is a middle-tier form. Chondrites (Ch) and Zoophycos (Zo) make up the deep tier. 




Figure 5.5 Nodular limestone con- 
taining Thalassinoides representing 
elite trace fossils. Upper Jurassic, 
Coralline Oolite Formation, Carr 
Naze, North Yorkshire Coast, 
England. Lens cap is 5.5 cm. see 
Fiirsich (1972). 



the same resources in similar ways. This fact led Bromley 
(1990, 1996) to propose the ichnoguild concept, follow- 
ing the utilization of the term guild in ornithology (Root, 
1967) and invertebrate paleontology (Bambach, 1983). 
An ichnoguild reflects three parameters: (1) bauplan; 



(2) food source; and (3) use of space (Bromley, 1990, 1996) 
(Fig. 5.8). In terms of bauplan, biogenic structures are catego- 
rized as permanent to semi-permanent burrows produced by 
stationary organisms, or transitory structures made by vagile 
animals. Food source is reflected by trophic analysis of trace 
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Box 5.1 Simple and composite Syringomorpha ichnofabrics in Cambrian tidal flats and shorefaces 

Lower to Middle Cambrian shallow-marine deposits of the Campanario Formation in northwest Argentina contain abundant 
Syringomorpha ichnofabrics. A high density of specimens occurs in intertidal areas, where they form a composite ichnofabric 
that records multiple colonization events (Fig. 5.7a). The composite nature of this ichnofabric is revealed by complex cross- 
cutting relationships of specimens. Pervasive bioturbation results from the activity of successive suites of deep-infaunal organ- 
isms. A high degree of bioturbation and preferential preservation of closely spaced, vertical components make this ichnofabric 
analogous to Skolithos pipe rock. Like Skolithos pipe rock, the Syringomorpha ichnofabric occurs in moderate- to high-energy 
settings, being particularly abundant in sand flats. Tide-dominated deposits are locally interbedded with storm-dominated 
facies. Bioturbation is sparse in these storm deposits. Syringomorpha nilssoni occurs in moderate to low densities in hummocky 
cross-stratified sandstone (Fig. 5.7b). This ichnofauna records opportunistic colonization after storms. Causative burrows 
extend from a colonization surface at the top of storm deposits, developing a wide spreite structure at the lower part of the 
tempestite. In contrast to tidal-flat examples, this ichnofabric is simple and represents a single bioturbation event following epi- 
sodic sedimentation. The high density of vertical burrows in tidal-flat facies reveals that the “Agronomic Revolution” was not 
restricted to open-marine, shelfal environments (see Section 14.1.3). The depth and extent of bioturbation record colonization 
of a relatively deep-infaunal ecospace mostly by organisms feeding on epigranular microbes on sand grains and meiofauna. 

Reference: Mangano and Buatois (2004b). 




Figure 5.6 Types of ichnofabrics (a) Simple ichnofabric reflecting a single event of colonization after storm deposition, (b) Composite ichnofabric 
recording the replacement of a firmground trace-fossil suite by a hardground trace-fossil suite after substrate lithification. (c) Composite ichnofab- 
ric produced by the upward migration of a tiered community in response to vertical accretion of the sea floor. 
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fossils, including categories sueh as detritus feeding, deposit 
feeding, suspension feeding, gardening, and chemosymbiosis. 
Use of space is essentially equivalent to the vertical position 
within substrate recorded by the tiering structure. lehnoguilds 
are named after their dominant ichnotaxa (Bromley, 1990, 
1996). Bambachian guilds provide valuable information for 
understanding patterns of ecospace utilization through geo- 
logieal time (Bambach, 1983). Ichnoguild analysis may sup- 
ply additional information to that recorded by body fossils. In 



Figure 5.7 Syringomorpha ichnof- 
abrics in Lower to Middle Cambrian 
shallow-marine deposits, (a) Com- 
posite ichnofabric recording mul- 
tiple colonization events in tidal-flat 
deposits, (b) Simple ichnofabric 
recording single colonization events 
Storm deposits in lower-shoreface deposits. 

the same way as guilds, ichnoguilds are useful tools to under- 
stand the adaptive strategies displayed by benthic organisms. 
As noted by Bromley (1990, 1996), ichnoguilds are well suited 
for characterizing the ecological complexity of ichnofaunas. 
Recognition and comparison of ichnoguilds from specific eco- 
systems through geological time become particularly useful in 
evolutionary paleoecology (e.g. Buatois et al, 1998c). 

The ichnoguild concept was originally applied to the study of 
chalk (Ekdale and Bromley, 1991; Bromley, 1996). Chalks are 
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Figure 5.8 Ichnoguilds and tiering 
structure in Upper Cretaceous chalk 
of Denmark (modified from Ekdale 
and Bromley, 1991). Shallow tier is 
represented by Planolites (PI), while 
Thalassinoides (Th) is a middle- 
tier form. The middle-to-deep tier 
is occupied by Taenidium (Ta) and 
Phycosiphon (Ph). The deep tier is 
represented by Zoophycos (Zo) and 
Chondrites (Ch). 



Box 5.2 Composite ichnofabrics and ichnoguilds in Cretaceous chalk 

Chalk ichnofabrics rank among the most eomplex of all. In particular, Cretaceous chalk ichnofabrics from Denmark have 
been thoroughly analyzed, and, in faet, represent the birthplace of the ichnofabric approach (Fig. 5.8). The rate of sedimenta- 
tion in these pelagic environments was remarkably exceeded by the rate of bioturbation. The intensity of bioturbation in these 
shelf pelagic deposits is so high that virtually every grain of sediment has been processed by several animals. The resulting 
composite ichnofabrics represent the aetivity of multitiered endobenthic communities that moved upwards during continuous 
vertical accretion of the sea floor. The uppermost tier corresponds to indistinct burrow mottlings produced in the mixed layer 
by organisms that inhabited a soupground. The resulting structures are preserved as deformed and diffuse mottles that can- 
not be assigned to any particular ichnotaxa. Four ichnoguilds have been recognized. The Planolites ichnoguild typifies vagile, 
shallow-tier deposit-feeder structures. The Thalassinoides iehnoguild consists of semi-vagile and vagile, mid-tier deposit-feeder 
structures. The Taenidium- Phycosiphon ichnoguild is characterized by vagile, middle-to-deep-tier deposit-feeder structures. 
The Zoophycos-Chondrites ichnoguild is represented by non-vagile, deep-tier deposit-feeder or chemosymbiont structures. 
While the first three ichnoguilds were emplaced in softground, the deepest one records bioturbation in stiff more compacted 
sediment. The zone of active bioturbation extended many centimeters below the sea floor. 

Reference: Ekdale and Bromley (1991). 



particularly appropriate for ichnoguild analysis because they are 
commonly intensely bioturbated and their tiering structure can 
be unraveled by careful analysis of cross-cutting relationships 
(Ekdale and Bromley, 1991) (Fig. 5.8; Box 5.2). Subsequently, 
ichnoguild analyses were expanded to include bioerosion struc- 
tures (Bromley, 1994; Tapanila, 2008), tidal-flat ichnofaunas 
(Mangano et al., 2002a; Mangano and Buatois, 2004b; Baldwin 
et al., 2004), continental ichnofaunas (Buatois et al., 1998c), and 
earliest Cambrian ichnofaunas (Buatois and Mangano, 2003a, 
2004b). In some settings, tiering and ichnoguild analysis is com- 
plicated due to different factors, such as temporal instability of 
community structure, time averaging of fossil faunas, and lim- 
ited cross-cutting relationships (Mangano et al., 2002a). The ich- 
noguild concept is still an underutilized tool that has plenty of 



potential to illuminate paleoecological and evolutionary aspects 
of ichnofaunas (see Chapter 14). 

5.5 PALEOSOL ICHNOFABRICS 



Although the ichnofabric approach has become quite popular 
during the last two decades, still little is known about the char- 
acteristics and origin of continental ichnofabrics and review 
papers are almost exclusively based on marine examples (e.g. 
Taylor et al., 2003). More recently, a conceptual and methodo- 
logical framework for the analysis of paleosol ichnofabrics has 
been advanced by Genise et al. (2004b). In subaqueously pro- 
duced ichnofabrics, the sharpness of the primary sedimentary 
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fabric is commonly a function of the degree of bioturbation. 
However, in terrestrial ichnofabrics, soil features may disrupt the 
primary fabric without the intervention of bioturbation, gener- 
ating what is referred to as pedofabric (Genise et al., 2004b). 
Accordingly, these authors suggested that ichnofabric analysis 
in paleosols requires modifications to the standard method- 
ology developed from marine examples. Genise et al. (2004b) 
proposed the construction of tiering diagrams, independent 
evaluation of the pedofabric and the ichnofabric, and construc- 
tion of ternary diagrams showing percentages of bioturbation, 
pedofabric, and original bedding (Fig. 5.9). These authors illus- 
trated their methodology with examples from Mesozoic and 
Cenozoic paleosols from Argentina, Uruguay, and Egypt. 

5.6 THE ROLE OE BIOTURBATION, BIOEROSION, 

AND BIODEPOSITION 



Organisms interact with and, therefore, affect the substrate in 
many different ways. Bioturbation involves all kinds of par- 
ticle displacement and physicochemical sediment modifica- 
tions resulting from the activity of organisms (Hantzschel and 
Frey, 1978). Bioturbation commonly leads to destruction of 
original sediment stratification and primary structures. However, 
the activity of organisms living in pore spaces may result in a 
localized displacement of sedimentary particles without actually 
destroying sedimentary structures, which results in so-called cryp- 
tobioturbation (Pemberton et al., 2008) (Fig. 5.10). In turn, bio- 
turbation does not necessarily imply sediment homogenization. 
Rather, in many cases organisms may provide the substrate with a 
new structure, such as the concentration of fine-grained sediment 
within the concentric infill of burrows hosted in clean quartzose 
sandstone (e.g. Rosselia ichnofabric in sandstone bars). Another 
long-recognized example is the generation of biogenic graded 
bedding by upward advection by earthworms (Darwin, 1881). In 
marine settings, maldanid worms are also well known for their 
conveyor-belt activities, transporting subsurface particles to the 
surface (Mangum, 1964; Fauchald and Jumars, 1979) and from 
the surface to a feeding cavity at depth (Levin et al., 1997). 

The bioturbation process has significant effects on sediment 
composition, stability, and texture (Ekdale et al., 1984). Chemical 
processes result in changes in composition, such as concentration 
of trace elements, fiuctuations in redox potential, flow of chemi- 
cals, changes in organic content of sediments, concentration of 
metals on boring walls, and alteration of clay minerals as a result 
of ingestion (Pryor, 1975) (Box 5.3). For example, the structures 
of infaunal burrowers feeding on suspended particles result in an 
increase in oxygen circulation within the sediment with the redox- 
potential discontinuity being extended at depth. Sediment stability 
may increase or decrease as a result of bioturbation (see Section 
6.7). Most mobile epifauna and infauna, involving both deposit- 
and detritus-feeders and some sedentary organisms, whose feed- 
ing and defecation activities provide a considerable number of 
suspended particles, cause substrate instability (Rhoads, 1974). 
In contrast, sedentary organisms building mucus-reinforced 



tubes cause reduction in resuspension and erosion, and behave as 
sediment-stabilizing elements. In turn, pellet development signifi- 
cantly alters sediment consistency, which may result in decreased 
substrate stability (Ekdale et al., 1984). Sediment texture may 
change in several ways as a result of bioturbation, particularly 
through the combination of sedimentary layers of varying grain 
size and mechanical sorting of sediment particles. 

In addition, biodeposition, the production or concentra- 
tion of sediment by the activities of an organism (Frey and 
Wheatcroft, 1989), also contributes to a change in sediment tex- 
ture due to particle ingestion and excretion during the feeding 
process. For example, in carbonate sediments, pellet develop- 
ment and aggregation usually involves conversion of argilla- 
ceous and silty material into sand size. From the hydraulic 
viewpoint, these pellets behave like sand grains. Pryor (1975) 
noted that along the coast of Georgia and the Gulf of Mexico, 
Callianassa major annually generates pelletoidal material that 
is equivalent to a layer approximately 0.5 cm thick. Curran and 
Harris (1996) analyzed bioturbation by Glypturus acanthochi- 
rus in tidal-flat deposits of San Salvador Island, Bahamas, and 
estimated that this shrimp can move 118.6 kg sediment/m^ to 
the surface every year (see also Section 6.2). 

Bioerosion, every form of biological penetration and corro- 
sion of hard substrates (Neumann, 1966; Bromley, 1992), also 
plays a major role in degrading lithified materials. For example, 
recent experiments in high-latitude settings demonstrated that 
foraminiferans are significant contributors during an early 
phase of bioerosion (Wisshak and Riiggeberg, 2006). During an 
advanced phase, sponges become dominant as agents of hard 
substrate degradation. Hardbottoms in the North Carolina 
continental margin are degraded by the activity of mechanical 
and chemical bioeroders (Riggs et al., 1998). The main bioerod- 
ers in this case are bivalves, shrimps, and macroalgal pluckers. 
As a result of bioerosion, the substrate is degraded, relief is 
developed on hardbottom surfaces, and significant volumes of 
new sediment are supplied to the continental shelf 

5.7 BIOTURBATION-ENHANCED PERMEABILITY AND 
RESERVOIR CHARACTERIZATION 



The destruction of sediment porosity and permeability by 
bioturbation has been a dogma in reservoir characterization 
for many years. However, a number of recent studies demon- 
strated that this is not always the case. Buatois et al. (1999) 
documented porosity/permeability relations, and bioturbation 
types in Carboniferous clastic reservoirs of Kansas. These stud- 
ies showed that reductions in permeabilities and porosities are 
common where sediment is affected by intense bioturbation by 
deposit feeders. In contrast, passively filled structures of suspen- 
sion feeders may even result in a significant increase in porosity 
and permeability as the degree of interconnectivity between lay- 
ers is increased. In some cases, hydrocarbons may even be held in 
such burrows (Fig. 5.1 1). Gingraseta/. (1999a) documented dra- 
matic differences between burrow-fill permeabilities and matrix 
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Figure 5.9 Ternary diagram for assessing paleosol ichnofabrics, pedofabric, original bedding, and grades of bioturbation (modified from 
Genise et al., 2004b). Vertisols from the Triassic Ischigualasto Formation of western Argentina show different degrees of maturity. Example 
1 is a well-developed vertisol with a uniform pedofabric characterized by small, angular blocky peds and closely spaced slickensides. No 
original bedding is preserved and stems of equisetales (Eq) in life position represent the only biotic evidence. Example 2 is a less-developed 
vertisol with primary fabric still preserved. Equisetales (Eq) stems and Skolithos (Sk) are present. Examples 3 and 4 from the Cretaceous 
Laguna Palacios Formation of Patagonia, Argentina, include an entisol and an alfisol. Example 3 is an entisol developed in tuff. The upper 
tier consists of Taenidium harretti (Ta), and the lower tier consists of the bee nest Cellicalichnus chubutensis (Ce). Rhizoliths (Rh) are pre- 
sent. Pedofabric is absent and the original bedding is relatively well preserved. Example 4 is a well-developed alfisol in tuffaceous sandstone. 
It is intensely bioturbated and the original bedding is only scarcely preserved in the upper horizon. The paleosol shows a well-developed 
upper elluvial horizon with platy peds, and a lower illuvial horizon with angular to subangular blocky peds. The ichnofauna consists of the 
probable coleopteran nest Rehuffoichnus casamiquelai (Re), Taenidium harretti (Ta), Skolithos linearis (Sk), and Beaconites coronus (Be). 
Thin rhizoliths (Rh) are present. Example 5 is an ultisol from the Paleogene Asencio Formation of Uruguay. Two interfingered horizons 
are present in this paleosol, one nodular and poorly consolidated, and the other one well indurated displaying columnar structures and 
total disturbance of the primary sedimentary fabric. Bioturbation is moderate in both horizons. The nodular horizon is dominated by the 
beetle nests Coprinisphaera (Co) and Monesichnus (Mo), and the bee cell Uruguay (Ur). The indurated horizon contains the bee ichnotaxon 
Palmiraichnus (Pa) and the probable coleopteran pupation chamber Teisseirei (Te). Rhizoliths (Rh) occur in this horizon. Example 6 is a 
poorly developed inceptisol from the Eocene-Oligocene Jebel Qatrani Formation of Egypt. This paleosol developed in a meandering chan- 
nel point-bar sandstone, and relict trough cross-bedding is preserved. No horizons or soil structures are recognized. The ichnofauna is 
dominated by the termite nest Fleaglellius pagodus (FI) and small rhizoliths (Rh). Examples 7 and 8 from the Eocene-Miocene Sarmiento 
Formation of Patagonia, Argentina, include an andisol and an alfisol. Example 7 is a weakly to moderately developed andisol present in a 
tuff Two horizons have been recognized. The upper horizon is indurated and intensely bioturbated, and contains scattered specimens of the 
beetle nest Coprinisphaera (Co). The intense bioturbation is due to a boxwork of sinuous interconnected burrows (Bx) that resemble termite 
nests. The lower horizon shows columnar structures and sparse bioturbation. Very thin long root trace fossils (Rh) are present. Example 8 
is a moderately developed alfisol associated with an erosive unconformity. Relict preservation of the primary fabric is noted. The pedofabric 
consists of subangular blocky peds with ferruginous crusts at the top. The ichnofabric consists of two tiers. The upper tier is represented by 
the bee nest Celliforma (Ce), while the lower tier includes Coprinisphaera (Co), Teisseirei barattinia (Te), Feoichnus (Fe) and large horizontal 
burrows (Hb). Bioturbation is low in the upper tier and moderate in the lower one. 
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Figure 5.10 Cryptobioturbation in delta-front hummocky cross-strati- 
fied sandstone. Note the fuzzy lamination. Lower Miocene, Tacata Field, 
Eastern Venezuelan Basin. Core width is 9 cm. See Buatois et al. (2008). 



permeabilities inadiscontinuitysurfaceatWillapa Bay. Substrates 
were colonized by crustaceans producing gallery systems repre- 
senting the Glossifungites ichnofacies. Buatois and Mangano 
(2000) suggested that burrows passing through several layers, 
or multi-layer colonizers, generally cause an increase in perme- 
ability in the vertical direction to the bedding plane (Fig. 5.12). 
For example, crustacean galleries passing through sand tur- 
bidites provided pathways for fluid migration through mudstone 
intercalations, which would have normally acted as impermeable 
barriers (Schuppers, 1993). Similar situations occur in intertidal 
heterolithic facies where vertical Skolithos burrows pass through 
mud partings and connect sand layers (Buatois et al., 1999). 
Gerard and Bromley (2008) illustrated spectacular examples of 
the contribution of three-dimensional Thalassinoides burrows 
to reservoir heterogeneity and of Ophiomorpha systems to fluid 
circulation. Tomkin et al. (2010) documented an increase of 
porosity and permeability associated with Thalassinoides bur- 
rows, but a decrease linked to Ophiomorpha systems. 

Certainly, the role of bioturbation in enhancing permeability 
extends beyond the held of petroleum geology. Munoz (1994) 
demonstrated that extensive Thalassinoides systems caused leak- 
ing in a dam, and Martin et al. (1994) established correlations 
between bioturbation and porosity fluctuations in aquifers. More 
recently, Cunningham et al. (2009) evaluated the impact of post- 
depositional Ophiomorpha burrows in increasing macroporosity 
in karst aquifers. These authors noted that burrow systems pro- 
vide an alternative pathway for concentrated groundwater flow 
that differs from the standard model for karst aquifers, which is 
based on the role of fractures and cavernous dissolution features. 

This emerging view on the relationships between permeabil- 
ity and bioturbation has received a more systematic treatment 
(Pemberton and Gingras, 2005). In a seminal paper, these authors 
recognized five different situations: (1) surface-constrained 
textural heterogeneities; (2) non-constrained textural heteroge- 
neities; (3) weakly defined textural heterogeneities; (4) diagenetic 
textural heterogeneities, and (5) cryptic bioturbation (Fig. 5.13). 

Surface-constrained textural heterogeneities occur in connection 
with discontinuity surfaces delineated by the Glossifungites ichno- 
facies. These heterogeneities are represented by high-permeability 




Figure 5.11 Ophiomorpha saturated in oil. No hydrocarbons occur in 
the impermeable pelletoidal wall. Lower Miocene, Oficina Formation, 
Oritupano Field, Eastern Venezuela Basin. Core width is 7 cm. 

burrows that penetrate a low-permeability firm substrate. Therefore, 
elements of the Glossifungites ichnofacies introduce discretely 
packaged coarse-grained sediment into the underlying matrix, 
enhancing vertical permeability and creating a dual porosity- 
permeability system. Although permeability enhancement is 
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Box 5.3 Burrowing, accelerated weathering, and mineral authigenesis 

Experiments with the annelid Arenicola marina have illustrated the importance of bioturbation and biodeposition in changing 
the chemical properties of the substrate. Two experimental tanks containing mature sand and mud consisting of quartz, chlor- 
ite, and muscovite were prepared. Arenicola marina was introduced into one and the other one was kept separate as a control. 
The annelids introduced into the experimental tank constructed J-shaped burrows penetrating up to 20 cm below the sediment- 
water interface, and significantly mixing the sediment. After 20 weeks, the mud in the control tank remained unchanged. In con- 
trast, sediment in the tank populated with A. marina underwent significant mineralogical changes. Chlorite was preferentially 
destroyed during digestion and neoformed minerals were detected in the cast samples. It has been suggested that the lowered 
pH microenvironment in the organisms’ guts accelerated mineral dissolution and precipitation processes during digestion. This 
experiment demonstrated that burrowing significantly changes substrate properties. By causing the growth of authigenic clays, 
digestive processes of A. marina influence the porosity and permeability of potential reservoir facies. Attempts to predict rates 
of mineral weathering and authigenesis without taking biogenic processes into account are unlikely to be accurate. 

Reference: Mcllroy et al. (2003). 
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Figure 5.12 Multilayer colonizers and their role on vertical transmissivity of fluids, (a) Ophiomorpha (Op) ichnofabric in Mesozoic and Cenozoic 
thin-bedded turbidites. (b) Skolithos (Sk) ichnofabrics in lower Paleozoic intertidal heterolithic facies. Burrows passing through several layers may 
cause an increase in vertical permeability. Modified from Buatois and Mangano (2000). 



limited in thickness, some of these surfaces (e.g. wave ravinement 
surfaces) have remarkable lateral extension. In some cases (e.g. 
Ghawar field of Saudi Arabia), firmground Thalassinoides bur- 
rows represent a biogenic plumbing system, conducive to strati- 
form super-permeability (Super-K). 



Non-constrained textural heterogeneities are represented by 
discrete, sediment-filled burrows, encased by low-permeability 
sediment, which are not associated with a discontinuity surface. 
The host sediment commonly records low-energy background 
deposition, while the eoarser-grained burrow-fill is delivered 
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Non-constrained textural heterogeneities 
•Discrete sediment-filled burrows in a low-permeability 
substrate 

-Primarily dual-porosity system 
-Typically 20-70% volume of media 



Weakly defined textural heterogeneities 
-Biogenically sorted flow conduits 
-Generally dual-porosity 
-Typically 60-90% volume of media 



Diagenetic textural heterogeneities 
-Oiagenetic enhancement of flow paths caused by 
physical or compositional heterogerreity 
•Primarily a dual-porosity system 
-Typically 20-60% volume of media 



Surface constrained textural heterogeneities 
-Discrete sediment-filled burrows in a low-permeability 
substrate 

-Dual-porosity/dual-permeability 
-Typically 5-50% volume of media 



Figure 5.13 Relationships between permeability and bioturbation In the case of non-constrained textural heterogeneities, selective feeding in Zoophycos 
(Zo), Chondrites (Ch), and Phycosiphon (Ph) results in coarser-grained burrow fill in comparison with the host low-permeability silt-dominated sediment. 
Weakly-defined textural heterogeneities are illustrated by coarser sand-filled Thalassinoides (Th) penetrating into a finer-grained sandy matrix. Permeability 
contrast is subtler than in the previous case. Diagenetic textural heterogeneities are typically associated with diagenetic processes induced by bioturbation, 
resulting in the formation of tortuous pathways for fluid transmission in mottled carbonates. Surface-constrained textural heterogeneities are associated 
with discontinuity surfaces delineated by the Glossifungites ichnofacies, in which Thalassinoides (TK) burrow systems introduce discretely packaged coarse- 
grained sediment into the underlying low-permeability matrix, enhancing vertical permeability (Super-K). Modified from Pemberton and Gingras (2005). 



during high-energy sedimentation events or results from select- 
ive feeding. Vertical burrows that penetrate into the substrate 
may interconnect permeable layers separated by low-permeabil- 
ity interbeds that may otherwise serve as barriers to fluid migra- 
tion. A typieal example is represented by vertical burrows of the 
Skolithos ichnofacies connecting thinly bedded sandstone and 
mudstone suecessions. In some cases (e.g. Terang-Sirasun field 
of Indonesia), a similar eflfeet is attained by Zoophycos filled with 
empty globigerinid tests that penetrates into pelagic carbonates, 
increasing vertical permeability and breaching possible barri- 
ers. Another example is illustrated by Macaronichnus. In this 
case, the host sediment records high-energy conditions and the 
tracemaker causes significant mineralogical heterogeneity, lead- 
ing to significant changes in permeability (Gingras et al., 2002). 
Selective feeding in Nereites missouriensis and Phycosiphon 
incertum may play a key role in promoting gas transmissivity in 
low permeability gas-prone reservoirs (Fig. 5.14). 

Weakly defined textural heterogeneities consist of discrete 
burrows infilled with sediment that slightly differs from the 
encompassing sediment. This situation is commonly illustrated 
by coarser sand-filled Thalassinoides penetrating into a finer- 
grained sandy matrix. Flow paths are tortuous as a result of the 
chaotic distribution of burrow conduits. Although the contrast 
between the burrows and the matrix is subtler than in previous 
scenarios, permeability contrasts may still influence production 
from these burrowed units. 



Diagenetic textural heterogeneities typically result from dolo- 
mitization in bioturbated limestone. Burrowing in carbonates 
creates significant physical and compositional heterogeneities. 
The former includes changes and redistribution of grain size, 
sorting, and compaction. Compositional heterogeneities are 
caused by the concentration of organic material in the form of 
mucous or fecal material. Burrowing creates a microenvironment 
that is conducive to bacterial colonization. Diagenetic processes 
induced by bioturbation result in changes in porosity and per- 
meability. Typical examples are represented by burrow systems, 
such as Thalassinoides, which create tortuous pathways for fluid 
transmission in mottled carbonates. 

Cryptic bioturbation is a very subtle t)T3e of permeability 
enhancement characterized by non-discrete biogenic structures 
that completely alter the sediment, mostly resulting from the activ- 
ity of meiofaima or small infauna. The high intensity of cryptic 
bioturbation may create zones of high permeability in sediment 
that in other aspects (e.g. grain size) shows little heterogeneity. 
Cryptobioturbation is common in shallow- to marginal-marine clas- 
tic deposits where it may affect considerable volumes of sediment. 

The study by Pemberton and Gingras (2005) demonstrated 
that bioturbation has been commonly overlooked as a process 
that enhanced permeability in clastic and carbonate reservoirs. 
Of most importance, petrophysical studies are not usually 
focused at the trace-fossil scale. While the applications of ich- 
nology in facies analysis and sequence stratigraphy are currently 
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Figure 5.14 High-density of Nereites missoiiriensis in offshore-transition 
deposits illustrating an example of non-constrained textural heterogenei- 
ties. Presence of this ichnofabric promotes gas and light oil transmissivity 
in low permeability reservoirs in many fields in North America. Upper 
Devonian-Lower Mississippian, Bakken Formation, Saskatchewan, 
Canada. Core width is 9.5 cm. See Angulo and Buatois (2009). 

taken into consideration in the petroleum industry, the role of 
bioturbation as a modifying agent of porosity and permeability 
has been essentially neglected. 

5.8 CRITICAL EVALUATION: ICHNOFABRICS 
VERSUS ICHNOFACIES OR ICHNOFABRICS 
AND ICHNOFACIES? 



We believe that ideas derived from the ichnofabric approach 
should be used within the broader framework of the ichno- 
facies model. Both research strategies may be employed in 
conjunction, resulting in a more comprehensive and consist- 
ent view of the trace-fossil record. A well-balanced eclecticism 
may be a healthy approach to the ichnological record. As noted 
by Mcllroy (2008), the confrontation between the ichnofabric 
approach and the ichnofacies model is misleading. The notion 
that ichnofabric analysis should replace ichnofacies put for- 
ward by Goldring (1993, 1995) is not supported by present 
developments in the field. 

The ichnofabric approach is ideally suited to the study of cores 
(e.g. Bockelie, 1991; Martin and Pollard, 1996; Mcllroy, 2004b; 
Gerard and Bromley, 2008). However, ichnofacies have proved 
to be extremely successful in paleoenvironmental and sequence- 



stratigraphic studies in cores (e.g. Pemberton et al., 2001). In 
addition, both approaches have been routinely employed in out- 
crops. The ichnofabric approach is particularly useful in fully bio- 
turbated deposits, as illustrated by chalk facies (e.g. Ekdale and 
Bromley, 1991), and some fine-grained shallow-marine units, 
such as the Jurassic Fulmar Formation of the North Sea (Martin 
and Pollard, 1996; Gowland, 1996; Gerard and Bromley, 2008) 
or the Miocene Chenque Formation of Patagonia (Buatois et ah, 
2003; Carmona et al., 2008). In contrast, many depositional set- 
tings are characterized by limited development of ichnofabrics. 
For example, delayed evolutionary innovations of the terrestrial 
and freshwater biotas constrained the development of continental 
ichnofabrics (Buatois and Mangano, 1998, 2007). Paleozoic flu- 
vio-lacustrine and fluvio-estuarine ichnofaunas are dominated by 
bedding-plane, very shallow trace fossils, mostly grazing trails and 
arthropod trackways that produce little or no bedding disruption. 
Consequently, trail- and trackway-bearing deposits are commonly 
seen in cross-section as unbioturbated, fine-grained, thinly lami- 
nated rocks, precluding traditional ichnofabric analysis (Buatois 
et al., 1998d). Ediacaran to earliest Cambrian deposits also con- 
tain bedding-plane trace fossils with almost no disturbance of pri- 
mary fabric (see Sections 14. 1 .2 and 14. 1 .3). To a lesser degree, the 
same is shown by thinly bedded turbidites, which contain highly 
diverse graphoglyptid ichnocoenoses (e.g. Ksiqzkiewicz, 1977; 
Leszczynski and Seilacher, 1991; Uchman, 1995, 1998). 

It has been emphasized that the ichnofabric approach provides 
a finer paleoenvironmental resolution because there are more 
ichnofabrics than ichnofacies. Although this is theoretically true, 
in practice the strategy to be undertaken is largely dependent on 
the scale of analysis. In addition, it is unclear if a large num- 
ber of ichnofabrics recognized in a studied interval results in a 
more precise paleoenvironmental characterization. For example. 
Goldring et al. (1991) recognized seven different Phycosiphon 
ichnofabrics, but they mostly occur between the offshore transi- 
tion and the upper offshore. This fact may point to the existence 
of several ichnocoenosis and the commonly overlooked issue 
of spatial heterogeneity (e.g. Mangano et al., 2002a; Mcllroy, 
2007a). Moreover, ichnofacies practitioners do not restrict them- 
selves to mere ichnofacies recognition; in fact, ichnofacies are 
subdivided in case-by-case studies allowing detailed subdivision 
of different environments (e.g. MacEachern et al., 1999a). 

The strength of the ichnofacies model relies on its arche- 
typal nature (see Sections 4.1 and 4.6). The strength of the 
ichnofabric approach resides in the evaluation of the tapho- 
nomic controls that filter the biogenic signal through the fos- 
silization barrier. Accordingly, taphonomy may illuminate 
the nature of some ichnofacies (taphofacies of Bromley and 
Asgaard, 1991). Analysis of tiering structure and ichnoguild 
characterization are strong conceptual and methodological 
tools derived from the ichnofabric approach. These tools are 
particularly useful to evaluate composite ichnofabrics that 
result from successive bioturbation events. Also, ichnoguilds 
provide a conceptual approach to the study of ecospace util- 
ization through geological time, yielding valuable insights 
into evolutionary paleoecology (see Chapter 14). 




Part II Spatial trends 





6 Trace fossils and paleoecology 



Decian que habia como mil pichis escondidos en la tierra, jenterrados! Que tenlan de todo: comida, todo. Muchos declan tener ganas 
de hacerse pichis cada vez que se venian los Harrier soltando coheres. 

Rodolfo Foghill 
Los Pichiciegos (1994) 



Organisms burrow in response to many biotic and environmen- 
tal factors. Ichnological studies provide detailed information on 
environmental parameters involved during sediment deposition 
and, therefore, serve as a basis for sedimentary environment 
and facies analysis. To that end, ichnological analysis should 
focus on the paleoecological aspects of trace-fossil associations 
(e.g. ethology, feeding strategies, ichnodiversity) and should 
avoid the simple use of a checklist approach because this may 
lead to paleoenvironmental misinterpretations. The paleoeco- 
logical approach needs to be integrated with facies analysis, 
and should never aim to replace it. Many factors define the 
niche and survival range of animal species. However, the key 
to the analysis is the identification of major control factors, 
which are called limiting factors (Brenchley and Harper, 1998). 
In this chapter, we revise the response of benthic organisms to 
different environmental parameters, evaluate the role of taph- 
onomy, and address a set of concepts that should be employed 
in paleoecological analysis of trace fossils, such as ichnodiver- 
sity and ichnodisparity, population strategies, and the notion 
of resident and colonization ichnofaunas. Then, based on 
the concept of ecosystem engineering, we discuss how organ- 
isms affect the environment. Finally, we address what biogenic 
structures can tell us about organism-organism interactions 
and spatial heterogeneity. 

6.1 RESPONSE TO ENVIRONMENTAL PARAMETERS 



As organism behavior is highly sensitive to certain parameter 
fluctuations (e.g. salinity, oxygen), biogenic structures may pro- 
vide information that cannot be derived from conventional 
facies analysis strictly based on physical evidence (e.g. Gerard 
and Bromley, 2008). Ideally, sedimentological and ichnologi- 
cal data should be integrated with paleoecological information 
derived from the associated body fossils (e.g. Scasso et al, 1991; 
Mangano and Buatois, 1996). In any case, integrated paleo- 
environmental studies have shown that the level of resolution 
obtained using trace fossils commonly supersedes those based 
on palynofossils and foraminifers (MacEachern et al., 1999b; 
Aquino et ah, 2001). Also, it has been suggested that sediment- 
ary and ichnological features should be carefully analyzed in 



order to provide constraints to guide geochemical sampling and 
interpretation (Schieber, 2003). 

Although in this chapter environmental factors are considered 
separately, it is important to understand that the limits of toler- 
ance of benthic organisms are defined in terms of multi-variable 
responses, rather than in terms of isolated factors (Newell, 1979). 
For example, in tidal-flat environments, salinity, temperature, and 
exposure to subaerial conditions are intimately linked, and are 
strongly dependent on latitudinal position and climate (Mangano 
et al., 2002a). On the other hand, hydrodynamic energy and 
substrate conditions are also interconnected and dependent on 
coastal topography and physiography. The resultant ichnofauna 
is therefore shaped by the interplay of key environmental param- 
eters overprinted by taphonomic factors (see Section 6.2). 



6.1.1 HYDRODYNAMIC ENERGY 

Hydrodynamic energy is one of the most common limiting fac- 
tors in trace-fossil distribution, influencing both the behaviors 
of the tracemakers, as well as the preservation potential of 
their respective biogenic structures. Trace-fossil associations 
from low- and high-energy settings are remarkably differ- 
ent (Fig. 6.1). Ichnofaunas developed under low-energy con- 
ditions are dominated by horizontal traces of deposit and 
detritus feeders, as well as active predators. In deep-marine 
environments, other more sophisticated feeding strategies, 
such as farming and capture of microorganisms, are com- 
monly involved (Seilacher, 1977a). Overall, marine low-energy 
trace-fossil associations display high ichnodiversity and are typ- 
ically included in the Cruziana and Nereites ichnofacies. In the 
freshwater realm, associations are less varied, and represented 
by the Scoyenia and Mermia ichnofacies. 

High-energy ichnofaunas are typically characterized by the 
dominance of vertical dwelling structures of infaunal suspension 
feeders and/or passive predators, forming low-diversity suites that 
are commonly included in the Skolithos ichnofacies. Burrow sys- 
tems, such as Thalassinoides and Ophiomorpha, tend to show a 
higher proportion of vertical components under conditions of 
increasing energy (Howard and Frey, 1984; Anderson and Droser, 
1998). The high energy of tides, waves, and currents strongly 
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Figure 6.1 Relationship between trace-fossil associations, hydrodynamic energy, and food supply. Episodic sedimentation (i.e. storms and turbidity 
currents) generates environmental disturbances and may introduce organic particles in suspension favoring seaward displacement of suspension- 
feeding infauna. A wave-dominated regime is assumed. 



Box 6.1 Response of the polychaete Euzonus to beach morphodynamics 

Some sandy beaches of central Japan are characterized by wave dominance and high energy. The opheliid polychaete Euzonus 
is abundant at mid intertidal levels of the foreshore, producing incipient Macaronichnus. A detailed study was conducted dur- 
ing almost every spring tide from June to December in 2006. Distribution of Euzonus and orientation of its traces were plotted 
along a transect line. During fair-weather conditions, beach sediments accumulate landward, with the beach face developing 
as a steep slope. During storm conditions, the beach face is eroded by large waves, generating a gentle slope. Euzonus moves 
horizontally seaward and landward within the substrate in response to the shifting beach face as a result of changes in wave 
conditions. Under fair-weather conditions this polychaete burrows horizontally without any preferential direction. In contrast, 
under heavy erosion due to storm waves, Euzonus moves landward. The infaunal mode of life prevents Euzonus from excessive 
burial and washing out due to beach morphodynamics. 

References: Seike (2008, 2009). 



controls patterns of trace-fossil distribution along tidal shorelines. 
High-energy zones of tidal flats are typically dominated by vertical 
burrows, such as Diplocraterion or Skolithos (e.g. Cornish, 1986; 
Simpson, 1991). Deposits formed in these settings commonly 
contain deep gutter casts, flute marks, truncated vertical shafts, 
palimpsest surfaces, and transported burrows, which result from 
events of high energy that sculpt the tidal-flat surface and move a 
considerable amount of sediment (Mangano et al., 2002a). 

Overall features of high-energy ichnofaunas are strongly 
influenced by taphonomic controls. Modern coastal high-en- 
ergy environments may contain a moderate number of horizon- 
tal trails and burrows. However, their preservation potential in 
these settings is very low. For example, any enthusiastic diver 
knows that modern high-energy subtidal environments of 
tropical-carbonate systems, such as those in the Bahamas, are 
plagued with horizontal biogenic structures of starflsh, large 
heavy gastropods, and crawling crabs, but their Pleistocene 
counterparts are commonly dominated by vertical Ophiomorpha 
burrows (Curran, 1994). 

Interestingly, under very high-energy conditions, some 
ichnofaunas display characteristics that are in sharp contrast to 
those of the Skolithos ichnofades. These ichnofaunas are domi- 
nated by horizontal trace fossils produced by mobile deposit 



feeder polychaetes assigned to the ichnogenus Macaronichnus 
(Pemberton et al., 2001; Seike, 2008, 2009; Quiroz et al., 2010) 
(Box 6.1). These organisms feed on epigranular bacteria around 
sand grains and inhabit well below the sediment-water interface 
as a result of strong infiltration that produces well-oxygenated 
and nutrient-rich environments within the sediment. In contrast 
to shallow- to mid-tier horizontal traces, the deep emplacement 
of Macaronichnus provides high preservation potential under 
high-energy conditions (MacEachern and Pemberton, 1992; 
Pemberton et al., 2001). 

In shallow-marine environments, local fluctuations in 
hydrodynamic energy are recorded by the alternation of the 
Cruziana and Skolithos ichnofades. In storm-dominated set- 
tings, the former represents fair-weather conditions, while the 
latter is storm related (Pemberton and Frey, 1984a; Pemberton 
et al., 1992c; Pemberton and MacEachern, 1997). In tide-influ- 
enced environments, the Cruziana ichnofades may be associated 
with slack-water periods, while the Skolithos ichnofades is more 
typical of higher-energetic traction sedimentation (Mangano 
and Buatois, 2004a, b). An analogous situation occurs in deep- 
marine environments where the Nereites and Skolithos ichno- 
fades alternate due to repeated times of pelagic and turbidite 
sedimentation, respectively (Crimes, 1977). 




6. 1 Response to environmental parameters 



101 



6.1.2 SUBSTRATE 

Whereas the anatomy of body fossils is controlled by inherited 
genetic factors, the morphology of trace fossils is strongly influ- 
enced by extrinsic factors in addition to the constraints imposed 
by animal anatomy (Goldring et al, 1997). Substrate type and 
consistency are important external factors in determining both 
burrowing technique and infaunal community composition 
(Bromley, 1990, 1996). Substrate consistency embraces the intri- 
cate interplay of multiple factors (e.g. grain size, sorting, water 
content, organic matter content, mucus binding) that define the 
mechanical properties of the sediment (Bromley, 1990, 1996). 
In turn, sediment composition directly influences substrate 
consistency. The degree of substrate consolidation may change 
laterally, vertically, or temporally. Lateral changes occur along 
a sediment surface at different scales as a response to environ- 
mental heterogeneity (e.g. intertidal areas having both emer- 
gent zones and submerged pools). Vertical changes result from 
a decrease in sediment water content and increase in compac- 
tion within the sediment, thereby influencing infaunal tiering. 
Temporal changes result from a progressive increase of sub- 
strate consolidation either as a result of desiccation (e.g. over- 
bank sediment) or early diagenesis (e.g. carbonate substrates). 

Carbonate substrates may be subjected to progressive dewa- 
tering, and a series of stages based on degree of consolidation 
have been defined. These include soupground, softground, firm- 
ground, and hardground, which are associated with increasing 
compaction and cementation (Ekdale et al., 1984; Ekdale, 1985; 
Lewis and Ekdale, 1992). These categories also apply for silici- 
clastic substrates, although hardgrounds are exceedingly rare in 
siliciclastic rocks. To this list we should add xylic substrates or 
woodgrounds (Bromley et al., 1984). Substrate-controlled ichno- 
facies are defined based on these substrate categories (see Section 
4.3). In the case of modern sediments, a series of field methods 
have been developed to determine substrate firmness (e.g. Gingras 
and Pemberton, 2000; Rodriguez-Tovar and Delgado, 2006). 

Soupgrounds are saturated in water and incompetent. 
Organisms may move in these substrates; in many cases they 
swim through them using undulatory movements (Bromley, 
1990, 1996). However, the preservation potential of these 
structures is nearly zero (Ekdale, 1985). Softgrounds represent 
unconsolidated sediment, and are inhabited by a large num- 
ber of borrowers, becoming the most appropriate substrate 
for production and preservation of biogenic structures. Most 
of the established ichnotaxa typically belong to softgrounds. 
Goldring (1995) introduced the term “looseground” for soft 
sand and gravel as distinct from soft mud and silt (softground). 
Loosegrounds commonly contain robust burrows with rein- 
forced walls (e.g. Ophiomorpha). Wetzel and Uchman (1998b) 
introduced the concept of stiffground, which has been further 
expanded by Lettley et al. (2007a) to include stiff, but not fully 
compacted mud, commonly developed along inclined surfaces 
in heterolithic sediment. Stiffgrounds contain medium- to 
small-sized unlined burrows that may suffer significant com- 
paction after emplacement. Firmgrounds are compacted and 



dewatered sediment that have not yet undergone cementation. 
They typically contain abundant burrows and pseudoborings, 
although ichnodiversity is rather low. Burrows are typically 
unlined, display bioglyphs, and do not suffer significant com- 
paction (Bromley, 1975). Hardgrounds are cemented substrates, 
which may contain bioerosion structures (see Section 1.1). In 
contrast to the rigidity of hardgrounds, woodgrounds are flex- 
ible, formed by organic matter, and experience rapid biodeg- 
radation (Bromley et al., 1984). Bivalves and insects are typical 
tracemakers in xylic substrates. In recent years, increased atten- 
tion has been paid to sediment surfaces stabilized my micro- 
bial action, referred to as matgrounds (Seilacher, 1999; Baucon, 
2008; Buatois and Mangano, 2003a, 2010). Some grazing trails 
and feeding traces (e.g. Oldhamia) may reflect strategies to 
exploit microbial mats (see Section 14.1.2). 

Most studies concerning substrate-controlled trace fossils have 
focused on the evolution of carbonate substrates and how this 
affects community composition (e.g. Bromley, 1975; Goldring and 
Kazmierczak, 1974; Mangano and Buatois, 1991; Bromley and 
Allouc, 1992; Lewis and Ekdale, 1992; Taylor and Wilson, 2003), 
or on the erosional exhumation of firm siliciclastic sediments and 
its implications in sequence stratigraphy (e.g. MacEachern et al., 
1992; Pemberton et al., 2004). However, recent work emphasizes 
that the process of dewatering, and the concomitant changes 
in substrate properties, is a continuum rather than a series of 
compartmentalized stages, allowing the establishment of a scale 
of morphological variation of ichnofossils depicting substrate 
evolution (e.g. Buatois et al., 1997a; Lobza and Schieber, 1999; 
Mangano et al, 2002a; Schieber, 2003; Uchman and Pervesler, 
2006; Davis et ah, 2007; Carmona et ah, 2010). Therefore, trace 
fossils serve as useful tools for evaluating substrate properties. In 
defining a range of substrate conditions, the presence of impreg- 
nated walls, sharpness of delicate morphological details, and 
degree of deformation are important observations (Goldring, 
1991). In addition, changes in burrowing mechanisms, from 
swimming through sediment (soupground) and sediment feed- 
ing with active backfilling (softground) to sediment feeding with 
passive filling (firmground) occur as a response to increasing 
substrate consistency (Schieber, 2003) (Fig. 6.2). Although in 
theory it should be possible to identify ichnotaxa irrespective 
of substrate effects, occasionally deformation is so severe that 
accurate identification cannot be achieved. In soupgrounds, only 
biodeformational structures can be identified. 

Morphological changes in trace fossils due to different 
degrees of substrate consolidation are common in water bod- 
ies and floodplain environments subject to desiccation or sta- 
bilized by microbial mats. Buatois et al. (1997a) documented 
changes in morphology in Permian floodplain trace fossils due 
to increased consolidation of the substrate. Morphological 
details are very poorly preserved in specimens of Cochlichnus 
anguineus, which were emplaced in a water-saturated substrate 
(Fig. 6.3a). These poorly preserved traces may be cross-cut by 
better-defined softground trace fossils, reflecting increasing 
compaction. This second suite includes Helminthoidichnites ten- 
uis, Helminthopsis abeli, and another generation of Cochlichnus 
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Figure 6.2 Relationship between morphology of different groups of trace fossils and degree of substrate consolidation. In general, quality of mor- 
phological definition increases parallel to increased cohesiveness. 




anguineus (Fig. 6.3b). The dwelling traces Ctenopholeus kut- 
scheri and Palaeophycus striatus were emplaced in slightly stiffer 
substrates. The overall features of this ichnofauna reflect sub- 
aqueous emplacement in a water body. Other ancient floodplain 



Figure 6.3 Trace-fossil morphology 
and degree of substrate consolidation 
in Permian overbank deposits. La 
Golondrina Formation, Patagonia, 
Argentina. See Buatois et al. (1997a). 

(a) Extremely deformed CochUchnus 
anguineus. Note bedding-plane 
expression of Ctenopholeus kutscheri 
shafts cross-cutting C. anguineus. 

(b) Well-preserved specimens of 
C anguineus. Scale bars are 1 cm. 

deposits exhibit suites formed in even more compacted sediment. 
The softground suite is characterized by meniscate, backfilled 
structures without ornamentation (e.g. Taenidium, Beaconites), 
and the firmground suite is typified by striated trace fossils 
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(e.g. Scoyenia, Spongelioinorpha), cross-cutting the former. The 
resulting palimpsest surfaces reflect progressive desiccation of 
sediment accumulated along the margins of freshwater bodies 
(Buatois and Mangano, 2002, 2004a). 

Tidal-flat trace fossils also display striking morphological 
variations depending on the degree of consolidation of the sub- 
strate (Mangano et al., 1998, 2002a; Uchman and Pervesler, 2006). 
Studies on marine benthic ecology demonstrate that vertical and 
horizontal differences in substrate conditions influence the diver- 
sity, abundance, and distribution of intertidal organisms (Newell, 
1979; Reise, 1985). Because tidal flats are regularly exposed and 
submerged by the tides, the concomitant pore-fluid content within 
the sediment will vary during a tidal cycle. On the other hand, the 
low-tide landscape is commonly characterized by the presence of 
tide pools within a generally emerged area, resulting in a range of 
substrate conditions along an isochronous surface. 

Trueman et al. (1966) analyzed the effects of substrate, particu- 
larly grain size, on the rate of burrowing by soft-bodied animals, 
concluding that the easier the penetration, the worse the anchor- 
age, and vice versa. A dilatant medium becomes Arm and more 
resistant to shear as increased force is applied, whereas a thixo- 
tropic system shows reduced resistance to increased rates of shear. 
As a consequence, anchorage requires a substance with dilatant 
qualities, whereas motion is facilitated by a thixotropic system 
(Trueman and Ansell, 1969). Factors involved in the penetration 
and protraction phase tend to compensate one another so that 
the difference in the rate of burrowing may not be determined 
solely by grain size. However, Trueman et al. (1966) noticed that 
compacted sediment is stiffer, which results in a decreased bur- 
rowing rate. Accordingly, the frequency of the digging cycle and 
depth of penetration in each sequential movement decrease as 
burrowing into deeper levels proceeds (Ansell, 1962). Within any 
given grain-size range, a more compacted sediment will be less 
fluid and stiffer, offering increased resistance to penetration. 

Several studies have investigated controls by substrate fluidity 
on the morphological variability of protobranch bivalve trace 
fossils (Mangano et ah, 1998, 2002a; Carmona et ah, 2010). 
These structures exhibit a complex array of relationships con- 
trolled by bivalve behavior, substrate character, and toponomy. 
In bivalve chevron locomotion traces (i.e. Protovirgularia), the 
distance between two chevrons represents each sequential set of 
movements, the chevron indicating the site the foot flaps were 
anchored within the sediment. Sharp, closely spaced chevrons 



account for short steps, with the animal struggling to advance in 
stiff, resistant sediment (Fig. 6.4a). Mangano et al. (1998) docu- 
mented striking changes in the morphology of Protovirgularia in 
a Carboniferous tidal flat. The sharp chevrons of Protovirgularia 
bidirectionalis provide evidence of penetration in relatively firm, 
dewatered substrates. Structures with sharp, closely spaced chev- 
rons represent what can be characterized as the firmer end of the 
softground range. Longer distances between chevrons, such as 
those observed in some delicate Protovirgularia dichotoma may 
reflect relatively coherent, but less resistant substrates, result- 
ing in lower shell friction, and allowing smoother and easier 
movement during the protraction phase. Fluid sediment is con- 
ducive to the formation of irregular and highly deformed bio- 
genic structures, reflecting complications in obtaining a secure 
anchorage (Fig. 6.4b). Similar substrate controls on the morph- 
ology of Protovirgularia have been documented in Miocene 
tide-dominated deltaic deposits (Carmona et al., 2010). 

Uchman and Pervesler (2006) analyzed how substrate 
properties influence amphipod and isopod structures in a mod- 
ern tidal flat. As in the previous cases, they noted that a variety of 
biogenic structures reflects the stiffness of the substrate and the 
organism’s ability to cope with it. Semi-fluid substrates prevent 
preservation of biogenic structures, while increasing stiffness 
leads to preservation of morphological details. Interestingly, on 
stiff and very stiff substrates these crustaceans move by jump- 
ing rather than penetrating into the substrate. 

Substrate consistency also plays a major role in the mor- 
phological fidelity of arthropod and vertebrate trackways. 
Davis et al. (2007) conducted detailed neoichnological experi- 
ments that addressed trackway formation in substrates of 
various grain sizes and degrees of consolidation simulating 
subaerial and transitional subaerial-subaqueous environments. 
These authors noted that with increased firmness of the sub- 
strate there is a tendency to increased definition of individual 
tracks, decreased track width, and loss of tracks within ser- 
ies. Locomotion by heavier arthropods resulted in trackways 
formed across a broader spectrum of grain size and moisture. 

Recently, Scott et al. (2010) investigated controls exerted on 
vertebrate track morphology by wetting and drying cycles in 
substrates containing different clay minerals in an attempt to 
evaluate the taphonomy of biogenic structures around saline 
lakes. These studies suggested that track morphology in smectitic 
substrates is altered rapidly by wetting and drying, particularly 




Figure 6.4 Relationship between 
morphology of bivalve locomotion 
trace fossils (Protovirgularia rugosa) 
and degree of substrate consoli- 
dation, Stull Shale, Waverly trace- 
fossil site, Kansas, United States. 
See Mangano et al. (1998, 2002a). 

(a) Sharp, closely spaced chevrons 
recording relatively stiff sediment. 

(b) Delicate, poorly defined chev- 
rons. Note flute casts that suggest 
relatively fluid, poorly cohesive sedi- 
ment. Scale bars are 1 cm. 
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in the case of substrates containing saline pore waters. In con- 
trast, track morphology is less affected in non-swelling elays (e.g. 
kaolinite). These authors also noted that the degree of morpho- 
logical alteration and/or resistance to wetting and drying is con- 
trolled by the rate of substrate drying and the type of resulting 
salt efflorescence (e.g. interstitial versus surficial crust). 

Bromley (2001) noted that if the substrate is too rigid and 
the animal is not too heavy, no vertebrate footprints are pre- 
served, while, in relatively firm substrates, tracks preserve very 
delicate structures of the track-making limb (e.g. hairs, scales, 
claws). With increasing fluidity and softness, however, morpho- 
logical features become blurred, and the impression of the limb 
causes significant sediment flow and disruption. Bromley (2001) 
coined the name “ugly trace fossils” for this type of footprint. 
Assigning these tracks to specific producers may be difficult due 
to the lack of diagnostic features. In some cases, track misin- 
terpretations are far from trivial. This is the case of elongate 
indistinct Cretaceous trackways in Texas that were attributed 
to humans in pseudoscientific and creationist circles, including 
some popular movies during the seventies. More serious ana- 
lysis indicated that these are deformed theropod dinosaur tracks 
(Kuban, 1989)! In any case, Bromley (2001) noted that these 
footprints convey significant environmental information, par- 
ticularly with respect to sediment shear strength and pore-water 
content, and ultimately the environmental setting of formation 
(e.g. Marsicano et al., 2010). This situation is reminiscent of 
taphonomy’s motto of the late eighties “Ecology’s loss is sedi- 
mentology’s gain” (Thomas, 1986). In the case of trackways, it 
is “Anatomy’s loss is sedimentology’s gain.” 

6.1.3 OXYGENATION 

The importance of oxygen content as a limiting factor has been 
outlined in different ichnological studies (Bromley and Ekdale, 
1984b; Ekdale and Mason, 1988; Savrda and Bottjer, 1986, 
1989, 1991; Wignall, 1991; Leszczynski, 1991a; Savrda, 1992, 
2007a; Martin, 2004). Rhoads and Morse (1971) proposed a 
subdivision of marine waters and associated biofacies in three 
categories based on their oxygen content. These studies indi- 
cated that aerobic or fully oxygenated water contains oxygen 
in excess of 1 .0 ml O 2 /I HjO, dysaerobic or poorly oxygenated 
water eontains between 1.0 and 0.1 ml OJl HjO, and anaerobic 
or anoxic water is characterized by less than 0.1 ml O 2 /I H 2 O. 
Subsequent studies slightly modified this scheme and suggested 
separate terms for the oxygenation regime and the biofacies 
(Tyson and Pearson, 1991). This revised scheme of oxygenation 
levels includes oxic (8. 0-2.0 ml O 2 /I H 2 O), dysoxie (2. 0-0. 2 ml 
O 2 /I HjO), suboxic (0. 2-0.0 ml O 2 /I H 2 O), and anoxie (0.0 ml 
O 2 /I H 2 O). The corresponding biofacies for these four categories 
are aerobic, dysaerobic, quasi-anaerobic, and anaerobic. 

Studies in modern environments demonstrate that diverse 
shelly faunas tend to flourish under aerobic conditions, while 
dysaerobic associations are commonly dominated by poorly 
diverse, small soft-bodied organisms (Rhoads and Morse, 1971; 
Byers, 1977; Savrda et al., 1991; Tyson and Pearson, 1991). 



It has been a tenet that quasi-anaerobic biofacies lacks mac- 
rofauna, but has in situ benthic meio- and microfauna (Neira 
et al., 2001). The 0.2 ml O 2 /I H 2 O boundary seems to mark the 
disappearance of infaunal bioturbation (Tyson and Pearson, 
1991). Traditionally, in ichnological models the quasi-anaerobic 
zone has been eonsidered together with the anoxic zone. Anoxic 
settings are essentially devoid of metazoan life. The so-called 
“exaerobic zone” was further introduced based on the presence 
of calcified invertebrates (Savrda and Bottjer, 1987), and is now 
regarded as corresponding, at least in part, to the quasi-anaero- 
bic biofacies. In addition, it has been noted that these divisions 
do not account for rapid seasonal changes (Oschmann, 1993). 
Recent studies documented intense bioturbation in near-anoxic 
sediment (0.02-0.03 ml O 2 /I H 2 O), suggesting that the oxygen 
limit of macrofaunal bioturbation may be significantly lower 
than previously estimated (Levin et al., 2003). Bacterial com- 
munities have also been reported as blooming under anoxic 
conditions (e.g. Caumette, 1986; Jorgensen, 1996). 

Several attempts have been made to link trace-fossil suites to 
specific conditions of oxygen content in both the bottom waters 
and the interstitial waters of a given sediment. Some of these 
models are very general (e.g. Ekdale and Mason, 1988), while 
others are exclusive for pelagic (e.g. Savrda and Bottjer, 1986, 
1989, 1991) orturbiditie sedimentation (e.g. Leszczynski, 1991a). 
All these models generally agree that the density of bioturbation, 
traee-fossil diversity, maximum penetration, and burrow size tend 
to decrease with deereasing oxygen (Fig. 6.5). However, some 
of these conelusions have been challenged by studies in modern 
environments revealing no correlation between decreasing oxy- 
gen and depth of bioturbation and burrow size in the Arabian 
Sea (Smith et al., 2000), and documenting intense bioturbation 
by symbiont-bearing oligoehaetes in a nearly anoxic basin on 
the Peru margin (Levin et al., 2003). However, two important 
issues are critical to extrapolate information from modern stud- 
ies to assess the validity of trace-fossil models: the elusive macro- 
evolutionary component and the time-averaged constraint. It is 
clear that oxygen-controlled communities have changed through 
time (Martin, 2004; Mangano, 2011). The issue of whether mod- 
ern marine oligoehaetes record a recent invasion of an under- 
exploited niche deserves further exploration. Although posing 
a cautionary note on established ichnological models, its impli- 
cations for the geological record may be limited. Also, oxygen 
fiuctuations at the ecological timescale may not be reflected in 
the fossil record. Time-averaging is inherent to trace fossils and 
may represent a complication because short-term redox cycles or 
events may not be revealed (Savrda, 2007a). 

In addition, it has been suggested that in some cases, it is diffi- 
cult to discriminate between oxygen and substrate eontrols, par- 
ticularly in the case of a very low diversity of trace fossils, whieh 
may reflect either dysaerobie conditions or soupy substrates 
(Wignall, 1993; Savrda, 2007a). Careful analysis of trace-fossil 
morphological details is the key in this case (see Section 6. 1 .2). 

Ekdale and Mason (1988) proposed a general model that 
attempts to link eertain ethological categories with oxygen con- 
tent. Although some objections were raised (e.g. Wheatcroft, 
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Figure 6.5 Relationship between trace fossils and oxygen content. Aerobic, dysaerobic, and anaerobic refer to oxygenation of bottom waters. 
Under aerobic conditions in both the interstitial and bottom waters, endobenthic communities tend to display complex tiering structures. Four tiers, 
shallow (I - Planolites or PI), mid (II - Thalassinoides or Th), deep (III - Zoophycos or Zo), and very deep (IV - Chondrites or C/i, Solemyatuha 
or So), are illustrated in the example. Burrows maintaining a connection with the oxygenated sediment surface are able to penetrate in anaerobic 
sediment below the redox discontinuity surface (RDS). No bioturbation develops under anaerobic bottom waters. 



1989; Martin, 2004), the model is useful for the study of ancient 
marine successions and modern sediments, particularly if other 
controlling factors are taken into consideration (Buatois and 
Mangano, 1992; Levin et al., 2003). According to this model, 
if both the bottom and interstitial waters are anoxic, no bio- 
turbation occurs and the sediment is typically dark and well 
laminated. If anoxic conditions exist in interstitial waters, but 
bottom waters are at least dysoxic, fodinichnia is the dominant 
ethology, essentially represented by permanent burrow systems 
that maintain a connection with the sediment-water interface 
allowing the circulation of the more oxygenated waters into the 
anoxic sediment. Ichnodiversity is typically low, and mono- 
specific associations are common. Zoophycos and Chondrites 
(Fig. 6.6a) (and, in some cases, Teichichnus and Trichichnus) are 
the classical components. If the interstitial waters are dysoxic 
and the bottom waters are either dysoxic or oxic, pascichnia 
becomes dominant. The assumption here is that grazing trails 
are temporary structures formed by infaunal deposit feeders. 
Because these organisms backfill their structures, no connection 
is maintained with the sea bottom, and the sediment cannot be 



totally anoxic. Although grazing trails are also produced at the 
sediment-water interface, and thereby they do not require oxy- 
gen within the sediment, their preservation in marine environ- 
ments is very low. Finally, under fully oxic conditions in both 
the bottom and interstitial waters, domichnia is the dominant 
ethological group. Permanent domiciles of suspension feeders, 
such as Skolithos, represent the typical structures. 

Savrda and Bottjer (1986, 1987, 1991) proposed a model 
that attempts to explain trace-fossil distribution in pelagic or 
hemipelagic sediments unaffected by sediment gravity flows. 
They characterized oxygen-related ichnocoenoses (ORI), which 
occur in stratal units that accumulate under similar condi- 
tions of oxygenation of bottom waters. Their method allows 
the construction of oxygenation curves for sedimentary suc- 
cessions. The general trend under decreasing oxygen content is 
a decrease in ichnodiversity, burrow diameter, and burrowing 
depth. Accordingly, structures that occupy deep tiers in oxygen- 
ated sediments tend to move upwards as a result of the upward 
migration of the redox discontinuity under oxygen-depleted 
conditions. Under extreme dysoxic conditions monospecific 
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Figure 6.6 Typical ichnotaxa of oxygen-depleted conditions, (a) 
Chondrites isp. Upper Carboniferous, near Eudora town, Eudora 
Shale, eastern Kansas, United States, (b) Solemyatuba ypsilon 
showing lower extension tube (arrow). Upper Triassic, Rhaetian 
Sandstone, Olgahain, southern Germany. See Seilacher (1990a). 
(c) Cross-section view of Protovirgularia obliterata (arrow) at the 
base of a turbidite. Vefovice Beds, Lower Cretaceous, Zagornik, 
Outer Carpathians, Poland. See Uchman (2004b). All scale bars 
are 1 cm. 



suites of deep-tier traces in shallow-tier positions occur, with 
Chondrites being the typical ichnotaxon (see also Bromley and 
Ekdale, 1984b). Under totally anoxic conditions, no bioturb- 
ation occurs. These ideas have been applied to the study of a 
large number of pelagic successions (e.g. Savrda and Bottjer, 
1989, 1994; Savrda eta/., 1991; Savrda and Ozalas, 1993;Ozalas 
et al., 1994; Locklair and Savrda, 1998a, b; Savrda, 1998; Oloriz 
and Rodriguez-Tovar, 2002; Martin, 2004). 

Leszczynski (1991a) proposed a model to examine the links 
between oxygen conditions and trace-fossil distribution in tur- 
bidite successions. He distinguished five ichnocoenoses reflect- 
ing progressive oxygenation of the deep sea that are revealed by 
trace fossils preserved at the base of thin-bedded turbidites. Some 
of the trends under increasing oxygen content are an increase 
in ichnodiversity and size of the trace fossils. Graphoglyptids 
(agrichnia) reach their climax in relatively well-oxygenated set- 
tings, while turbidites formed under poorly oxygenated condi- 
tions display undifferentiated biogenic structures. Subsequent 
studies, however, suggest that food supply and sedimentation 
rate may have also played a role in trace-fossil distribution in 
this case (Wetzel and Uchman, 1998a). 

The model developed by Wignall (1991), based on a single 
case study (the Jurassic Kimmeridge Clay of England), does not 
agree with some tenets of the more general models. For example. 
Chondrites does not correspond to his dysoxic end member, being 
replaced by the supposed Pascichnion Astacimorphichnus etchesi. 
However, this ichnotaxon is only known from this unit and its 
overall morphology does not agree with a grazing trace ethology. 

In addition to Chondrites (Fig. 6.6a), other ichnotaxa have 
been suggested to reflect particular adaptations to oxygen-de- 
pleted settings. Some of these are produced by chemosymbiotic 
bivalves (Seilacher, 1990a). The U-shaped burrow Solemyatuba 
(Fig. 6.6b) has been regarded as the dwelling structure of relatives 
of the modern bivalve Solemya, which endosymbiotically farms 
bacteria in its gills (Seilacher, 1990a). Deep-tier occurrences of 
Protovirgularia (Fig. 6.6c) have been also attributed to the work of 
chemosymbiotic bivalves in anoxic sediment (Uchman, 2004b). 

While previous models attempt to explain behavioral adap- 
tations to oxygen deficiency, there are cases of animals living 
in nearshore well-oxygenated settings that are transported 
basinward into anoxic settings via sediment gravity flows or 
hyperpycnal flows. These are the so-called “doomed pioneers” 
of Follmi and Grimm (1990), and Grimm and Follmi (1994). 
Doomed pioneers construct burrows in completely anoxic sedi- 
ments, but do not persist in such settings, dying from suffoca- 
tion (Fig. 6.7a-d). Decapod crustaceans, having skeletonized 
resistant body parts, are typical doomed pioneers. Commonly, 
sandy substrates with Thalassinoides or Gyrolithes intercalate 
with totally anoxic mudstone reflecting short-term burrowing 
events. The ability of crustaceans to survive for short periods 
under anoxic conditions has been inferred from the presence 
of “dying” trackways (mortichnia) associated with their body 
fossils in the Jurassic Solenhofen Limestone of Germany (e.g. 
Janicke, 1969; Viohl, 1990; Barthel et al., 1990). The same situ- 
ation has been proposed for Cretaceous lacustrine limestones of 
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Colonization of well-oxygenated 
coastal environments 




Transport to deeper 
anoxic environments 



Colonization of newly emplaced 
sandy substrate and undertying 
arwxic sediments 



Sudden death of organisms 
due to artoxia 




Figure 6.7 Doomed pioneers model (based on Follmi and Grimm, 1990, and Grimm and Follmi, 1994). (a) A benthic community in established in 
well-oxygenated nearshore environments, (b) Sediment gravity flows or hyperpycnal flows transport these nearshore components to deeper-water 
anoxic environment, (c) These anoxic sediments are colonized by the doomed pioneers and Thalassinoides (Th) burrows are emplaced, (d) The 
organisms die rapidly due to anoxia. 



Spain that contain deep-water anoxic sediments with the crust- 
acean trackway Hamipes (Gibert et ah, 2000). 

6.1.4 SALINITY 

The importance of salinity as a limiting factor in coastal areas 
has been emphasized in different studies (e.g. Howard and Frey, 
1975; Howard et al., 1975; Wightman et al., 1987; Pemberton and 
Wightman, 1992; Rindsberg, 1992; MacEachern and Pemberton, 
1994; Buatois et al., 1997b, 2010a; Mangano and Buatois, 2004a; 
MacEachern and Gingras, 2007). In particular, it has been noted 
that while the distribution of physical sedimentary structures is 
mainly salinity-independent, the distribution of benthos is not 
and, accordingly, ichnology represents a powerful tool to recon- 
struct paleosalinity (Buatois et al, 1997b). Salinity levels are 
classified into limnetic (less than 0.5%o), oligohaline (0.5-5%o), 
mesohaline (5-1 8%o), polyhaline (18-30%o), and euryhaline 
(30-40%o) (Remane and Schlieper, 1971; Knox, 1986). Limnetic is 
equivalent to freshwater, while oligohaline, mesohaline, and pol- 
yhaline correspond to brackish water. Fully marine conditions 
fall within the euryhaline category with mean seawater salinity 
at approximately 35%o (McLusky, 1989). Bromley and Asgaard 
(1991) emphasized that behavioral convergence leads some ich- 
notaxa to occur on both sides of the salinity barrier, although 
this does not imply the identity of the producers. The classic 
example is that of Cruziana and Rusophycus, which are com- 
monly produced by trilobites in marine environments (Seilacher, 
1970, 1985) and by branchiopods or notostracans in freshwater 
(Bromley and Asgaard, 1972b; Pollard, 1985). In any case and 
regardless of behavioral convergence, salinity is of paramount 
importance in trace-fossil distribution (Fig. 6.8). 

Ichnofaunas developed under normal-marine salinity condi- 
tions in nearshore to offshore zones are characterized by: (1) 
high ichnodiversity; (2) marine ichnotaxa produced by both 
euryhaline and stenohaline organisms; (3) onshore-offshore 
trends displayed by the Skolithos and Cruziana ichnofacies; (4) 
presence of both infaunal and epifaunal traces; (5) presence of 
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Figure 6.8 Relationship between trace-fossil associations, ichnodiver- 
sity, and salinity Modified from Buatois et al. (1997b), and Mangano 
and Buatois (2004a). 

simple and complex structures produced by presumed trophic 
generalists and specialists, respectively; (6) presence of multi- 
specific associations, which become more common towards dis- 
tal settings; (7) high density; and (8) wide size ranges (Mangano 
and Buatois, 2004a). These ichnofaunas reflect the activity of 
benthic organisms that inhabited shallow-marine areas domi- 
nated by euryhaline conditions. These benthic faunas experi- 
ence less salinity stress than those developed in brackish-water 
ecosystems, characterized by steep salinity gradients. Fully 
marine deposits are typically extensively bioturbated, and 
contain a wide range of ethological categories and ichnotaxa. 
Ichnodiversity commonly reaches a maximum peak under eury- 
haline conditions (Buatois et ah, 1997b). Although it is difficult 
to pinpoint ichnotaxa exclusive of fully marine conditions in 
shallow-marine areas, Chondrites, Phycosiphon, Scolicia, and 
Zoophycos are common indicators. 



Trace fossils and paleoecology 108 



A large number of studies have focused on the diagnostic 
features of brackish-water benthic faunas. Valuable informa- 
tion has been obtained from studies of marine benthic ecology 
in modern estuaries and bays (e.g. Remane and Schlieper, 1971; 
Croghan, 1983; McLusky, 1989; Hudson, 1990), and ichnologi- 
cal studies of marginal-marine eeosystems as well (e.g. Howard 
and Frey, 1975; Howard et al., 1975; Rindsberg, 1992; Gingras 
et al., 1999b). This ecological and neoichnological informa- 
tion has been subsequently integrated with data from the fos- 
sil record, initially from the Mesozoic of the Canadian region 
of the Western Interior Seaway (e.g. Wightman et ah, 1987; 
Pemberton and Wightman, 1992; MaeEachern and Pemberton, 
1994, 1997; MaeEachern and Gingras, 2007), resulting in the 
so-called “brackish-water model”. 

Very few animals have the physiological adaptations necessary to 
survive in brackish water (Croghan, 1983). This reflects the harsh 
conditions of brackish-water ecosystems that result from fluctu- 
ating environmental parameters, mostly salinity but also tempera- 
ture, oxygen, and water turbidity. In modem estuaries, salinity 
fluctuations from 30%o to 10%o in one hour have been documented 
(Ferguson et al, 1981). Therefore, brackish-water faunas are less 
diverse than their marine and freshwater equivalents (e.g. Croghan, 
1983; McLusky, 1989; Hudson, 1990; Pickerill and Brenchley, 
1991). As a result, the abundance and particularly the diversity 
of biogenic structures in brackish-water settings are very low, 
reaching a minimum under mesohaUne to oligohaline conditions 
(Pemberton and Wightman, 1992; MaeEachern and Pemberton, 
1994; Buatois et al., 1997b; Mangano and Buatois, 2004a). 

Some marine organisms referred to as euryhaline are usually 
capable of colonizing brackish-water environments, as they are 
highly tolerant to changes in salinity. In contrast, continental 
organisms living in freshwater are not physiologically fit to sur- 
vive in a brackish ecosystem. Diversity of freshwater animals 
tends to decline rapidly, even with slight increases in salinity, 
whereas marine organisms experience a more gradual decrease 
in number under dilution of normal-marine salinity (Pemberton 
and Wightman, 1992; Buatois et al, 1997b; Mangano and 
Buatois, 2004a). As a result, the ichnofauna from estuarine 
environments is represented by an association of biogenic struc- 
tures produced by an impoverished marine fauna rather than 
from a combination of fully marine and freshwater forms. This 
is reflected by ichnofacies distribution, with brackish-water eco- 
systems characterized by a mixed of depauperate Skolithos and 
Cruziana ichnofacies (Wightman et al, 1987; Pemberton and 
Wightman, 1992; MaeEachern and Pemberton, 1994). 

Burrowing is a key strategy intended to minimize salinity 
variations as salinity fluctuations are considerably lower a few 
centimeters into the substrate than at the water-sediment inter- 
face because the presence of impermeable fine sediment slows 
down the exchange of pore water (Sanders et al, 1965; Johnson, 
1967; Rhoads, 1975). Thus, brackish-water associations tend to 
be dominated by structures of infaunal organisms rather than 
surface epifaunal trails. 

Organisms able to foray into brackish-water settings are com- 
monly opportunistic (see Section 6.4). Accordingly, ichnofaunas 



from brackish-water settings contain very simple forms produced 
by nonspecialized r-selected animals, which are typically adapted 
to environments of high physiological stress (Miller and Johnson, 
1981; Ekdale, 1985; Pemberton and Wightman, 1992; Beynon 
and Pemberton, 1992). In terms of trophic types, euryhaline ani- 
mals are either omnivorous or trophic generalists (Wolff, 1973). 

It has been noted that reduced size is one of the most notable 
features of brackish-water associations (Hakes 1976, 1985). 
Although Taylor et al. (2003) have expressed doubts on the con- 
nection between size reduction and brackish water, this link is 
in agreement with studies of marine benthic ecology and obser- 
vations from the ichnological record, which have documented 
reduced size in brackish-water faunas, particularly ophiuroids, 
bivalves, and some worms (Remane and Schlieper, 1971; 
Spaargaren, 1979, 1995; Mangano et al, 1999; Gingras et al, 
1999b; Mangano and Buatois, 2004a). However, Gingras et al. 
(1999b) noted that crustaceans do not display size reduction 
in brackish-water environments. It has further been postulated 
that size reduction in response to salinity occurs either as a mor- 
phological adaptation or as a result of population dynamics 
(Gingras et al, 1999b). In the first case, decreasing size allows 
the organism to increase its surface area to mass ratio to control 
osmotic transfer. In the second case, large populations of small 
forms that attain full growth result in the same biomass. 

In short, brackish-water trace-fossil associations are character- 
ized by : ( 1 ) low ichnodiversity; (2) forms typically found in marine 
environments; (3) mixture of vertical and horizontal trace fossils 
from the Skolithos and Cruziana ichnofacies; (4) dominance of 
infaunal traces rather than epifaunal trails; (5) simple structures 
produced by trophic generalists; (6) variable abundance; (7) pres- 
ence of monospecific associations; and (8) small size (Wightman 
et al, 1987; Pemberton and Wightman, 1992; MaeEachern and 
Pemberton, 1 994; Mangano and Buatois, 2004a). Typical compo- 
nents of brackish-water environments are Teichichnus (Fig. 6.9) 
(Buatois et al, 2005) and the spiral burrow Gyrolithes 
(Wetzel et al, 2010), together with Skolithos, Diplocraterion, 
Palaeophycus, Protovirgularia, Lockeia, and Planolites. 

In contrast, freshwater ichnofaunas, such as those present at 
the fluvio-estuarine transition, are characterized by: (1) moderate 
to relatively high diversity; (2) forms typically present in contin- 
ental environments; (3) a mixture of trace fossils belonging to the 
Scoyenia and Merinia ichnofacies; (4) the dominance of surface 
trails and meniscate trace fossils; (5) temporary structures pro- 
duced by mobile detritus and deposit-feeding fauna; (6) moder- 
ate density of individual ichnotaxa; (7) presence of multispecific 
associations; and (8) small size (Buatois et al, 1997b; Mangano 
and Buatois, 2004a). The relatively high ichnodiversity records a 
secondary peak in diversity typically associated with the activity 
of freshwater, and terrestrial organisms along a salinity gradi- 
ent (Buatois et al, 1997b). The freshwater benthos inhabiting 
this zone does not have the special adaptations necessary to sur- 
vive in the brackish environment. While fully marine ichnofau- 
nas gradually decrease in diversity into braekish-water settings, 
freshwater ichnofaunas from fluvio-estuarine transitions do not 
intergrade with those from brackish water. Arthropods are the 
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Figure 6.9 Typical aspect of a brackish-water deposit as expressed in 
core. Bioturbation intensity and ichnodiversity is low. The trace-fossil 
association consists of Teichichnus (Te), small Planolites (PI), and 
Thalassinoides (Th). Synaeresis cracks (sc) and siderite bands (sb) are 
common. Lower Miocene, Oficina Formation, Oritupano Field, Eastern 
Venezuelan Basin. Core width is 7 cm. 

dominant tracemakers. Typical elements are trackways (e.g. 
Dendroidichnites, Diplichnites, Diplopodichnus, Kouphichnium, 
Stiallia, Stiaria) and resting traces (e.g. Tonganoxichnus), as well 
as grazing (e.g. Gordia, Helminthoidichnites, Helminthopsis) and 
feeding traces (e.g. Circulichnis, Treptichnus). Vertebrate trace 
fossils are represented by fish trails (Undichna) and tetrapod 
trackways (e.g. Serpentichnus), and illustrate the Serpentichnus 
ichnocoenosis of Hunt and Lucas (2006a, 2007). 



Suppressed erosion during rising tides allowed excellent pres- 
ervation of delicate surface structures (Archer et al., 1994). 
Additionally, the absence of pervasive borrowers in such set- 
tings (particularly in Paleozoic examples) improves the preserva- 
tion potential of surface traces because the activity by infaunal 
organisms would have lead to the destruction of the uppermost 
tiers (Bromley, 1990, 1996; Buatois et al., 1997b). 

Finally, stressful conditions linked to salinity are extreme 
under hypersaline conditions, such as those typical of sabkhas 
and saline lakes (e.g. Price and McCann, 1990). Ekdale et al. 
(1984) noted that hypersaline lakes and thermal pools generally 
have no benthic fauna and, therefore, no biogenic structures. 
However, Scott et al. (2007a) noted that hot springs pro- 
vide favorable sites for insects, mammals, birds, and reptiles. 
In saline lakes, freshwater inflow is higher around ephemeral 
streams, hot springs, and ground-water seepage, allowing a con- 
centration of animals that produce trackways, trails, and bur- 
rows. Ichnofaunas from restricted, hypersaline seas described 
from the fossil record are dominated by small, poorly special- 
ized trace fossils (Gibert and Ekdale, 1999). Typically marine 
hypersaline deposits are scarcely bioturbated and contain low- 
diversity trace-fossil associations (Jaglarz and Uchman, 2010). 

6.1.5 SEDIMENTATION RATE 

Ichnological evidence commonly reflects the complex inter- 
play between sedimentation rate, erosion, and biogenic activ- 
ity, therefore revealing information on depositional rhythms. 
Continuous and slow sedimentation usually allow for intense 
bioturbation and destruction of physical sedimentary struc- 
tures, particularly in the absence of any other stress factor 
(Howard, 1978; Howard and Reineck, 1981; Monaco, 1995). 
Application of this simple principle allows re-examination of 
Cretaceous-Tertiary deposits attributed to tsunami events that 
were in fact intensely bioturbated, suggesting slow rates of 
sedimentation rather than episodic deposition (Savrda, 1993; 
Ekdale and Stinnesbeck, 1998). Episodic deposits commonly 
contain burrows only in the top of layers, revealing post-event 
colonization (Howard, 1978; Frey and Goldring, 1992). Where 
storm deposits alternate with intensely bioturbated back- 
ground sedimentation units, these deposits are characterized 
by the so-called “Lam-Scram” pattern (see Section 7.1.5). 

Pollard et al. (1993) introduced the notion of the colonization 
window or time available for occupation of the substrate to under- 
stand burrowing in high-energy settings. Colonization of shifting 
sands, such as those forming subtidal bars, is impossible under 
high-energy conditions, but may occur during short periods of 
quiescence, revealing brief colonization windows. In contrast, 
under slow accretion (e.g. lower offshore) the colonization window 
is more or less continuously open. In fluvial successions, it is not 
unusual that the only trace fossils occur in fine-grained overbank 
and pond deposits interbedded within unbioturbated, stacked 
channel deposits, recording brief colonization windows (Buatois 
et al., 1997a) (see Section 10.2.2). In any case, in some settings 
brief periods of sedimentation breaks may be enough for benthic 
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Figure 6.10 Trace fossils and 
sedimentation rate, (a) Asteriacites lum- 
hricalis in tidal-flat deposits forming 
imbricated structures that document 
vertical movement though the sedi- 
ment (from lower left to upper right). 
Pennsylvanian, Rock Lake Shale, 
Stanton Formation, Western Missouri, 
United States. See Mangano et al. 
(1999). Scale bar is 1 cm. (b) Truncated 
Ophiomorpha in hummocky cross- 
stratified sandstone recording storms 
in offshore-transition deposits. Intense 
storm scouring truncated the top of 
the burrow. Upper Cretaceous, Desert 
Member, Blackhawk Formation, Book 
Cliffs, Utah, United States. Coin is 1 .4 
cm wide, (c) Stacked Rosselia socialis 
in lower-shoreface deposits, reflecting 
re-equilibration of burrows after storm 
deposition. Lower Cretaceous, Grand 
Rapids Formation, Alberta, Canada. 
Core is read from base at lower left 
to top at upper right. See Pemberton 
et al. (2001). Core width is 9 cm. 



organisms to graze on the substrate. Sedimentation rates of 3.8 
m/yr were estimated for Carboniferous tidal-flat deposits formed 
in a fluvio-estuarine transition (Lanier et al., 1993). However, clay 
drapes along bedding planes are covered by trackways and trails, 
reflecting arthropod ability to use available resources during short- 
term slack-water periods (Buatois et al., 1997b). 

Some ichnotaxa, particularly those regarded as equilibrium 
structures, are useful to detect changes in the balance between 
deposition and erosion. Goldring (1964) illustrated the upward 
and downward movements of Diplocraterion yoyo in response 
to aggradation and degradation of the substrate, respectively. 
Burrowing sea anemones slowly move upwards during gradual 
vertical accretion of the substrate, but move faster if sedimenta- 
tion is episodic (Schafer, 1962). Horizontal and vertical repetition 
is recorded by multiple impressions of the ophiuroid resting trace 
Asteriacites lumbricalis. These structures record slight horizon- 
tal relocation and the punctuated upward motion of the animal 
through the sediment, and most likely document an escape strat- 
egy (Seilacher, 1953b; Mangano et al., 1999) (Fig. 6. 10a). In high- 
energy nearshore settings, truncated specimens of Ophiomorpha 
indicate erosive events (Howard, 1978) (Fig. 6.10b). 

The ichnogenus Rosselia commonly reflects adjustments of 
the burrow as a response to sedimentation events (Nara, 1997, 
2002; Pemberton et al., 2001; Campbell etal., 2006). Nara (1995, 
1997) described Pleistocene funnel- and spindle-shaped speci- 
mens of Rosselia, attributed to terebellid polychaetes that are 
vertically stacked reflecting upward migration to avoid burial 
due to episodic sedimentation in a storm-dominated shallow- 
marine setting. Pemberton et al. (2001) illustrated up to seven 
Cretaceous stacked Rosselia reflecting burrow readjustments 
after storms in a lower shoreface (Fig. 6. 10c). Identically, Howell 



et al. (2007) documented seven stages of upward migration and 
readjustment in Rosselia throughout an approximately 1-m thick 
amalgamated sandstone unit, resulting from repeated storms in 
a delta-front environment. These findings provide a new source 
of data to estimate sedimentation rate and frequency of storms 
in wave-dominated shallow-marine environments. Campbell 
et al. (2006) analyzed Pleistocene specimens of Rosselia display- 
ing a simple morphology that were regarded as extreme-event 
end members. These specimens occur in mudstone and siltstone 
interpreted as oceanic-flood deposits from an adjacent river sys- 
tem, and record adaptation of terebellid polychaetes to allow 
them to thrive under conditions of very high sedimentation rates 
that caused the exclusion of any other benthic fauna. 

6.1.6 FOOD SUPPLY 

The type and amount of food supply ranks among the most 
important controlling factors in determining feeding strategy 
(Fig. 6.1) (see Section 3.1). Suspension feeders tend to be dom- 
inant in high-energy settings where organic particles are kept 
in suspension by waves or currents. In contrast, organic par- 
ticles accumulate in the sediment in tranquil waters and ani- 
mals tend to develop deposit- and detritus-feeding strategies. 
Food supply tends to vary in a predictable way along onshore- 
offshore trends, resulting in what has been termed the food 
resource paradigm by Pemberton et al. (2001). Another gradi- 
ent occurs within the sediment in relation to the vertical dis- 
tribution of organic matter (see Section 5.1). Organic matter 
is more abundant close to the sediment-water interface, which 
results in a peak of available food for detritus and deposit 
feeders occupying superficial to shallow tiers (Fig. 6.1 1). 
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Figure 6.11 Relationship between tier position, feeding strategies, and quantity of organic matter. Note that the highest amount of organic matter 
is near the sediment-water interface. In deep-marine environments burrows produced by chemosymbionts and farmers (i.e. graphoglyptids) occupy 
a very shallow tier. Modified from Mangano and Buatois (1999a). 

Under conditions of scarce food supply, animals developed 
sophisticated feeding strategies, including gardening and 
chemosymbiosis. This is the case of deep-marine environments, 
which are dominated by graphoglyptids and complex grazing 
trace fossils, typical of the Nereites ichnofacies (Seilacher, 

1977a; W. Miller, 1991a). Conversely, it has been argued that 
high frequency of sediment gravity flows supplying organic 
detritus to deep-marine ecosystems precludes the development 
of ichnofaunas dominated by agrichnia and ornate pascichnia 
(Buatois and Lopez Angriman, 1992b). 

The importance of food supply in deep-marine ichnofaunas has 
been emphasized by Wetzel and Uchman (1998a). These authors 
suggested that high amounts of food supply are indicated by: 

(1) dark-colored sediments, (2) complete bioturbation, (3) high 
density of shallow-tier trace fossils, (4) rarity or absence of 
graphoglyptids, and (5) deep tiers totally bioturbated by feed- 
ing traces that have a connection to the surface. Also, in set- 
tings with seasonal strongly fluctuating input of organic matter 
(e.g. under monsoonal regimes), a double nutritional strategy 
is adopted by some organisms, detritus feeding during bloom 
times and deposit feeding during non-bloom times (Wetzel, 

2008, 2010). During times of benthic food richness, oxygena- 
tion of interstitial water decreases and, as a result, organisms 
move upward. In areas of marked seasonality of organic matter 



input, biogenic structures tend to show pronounced upward and 
downward movements (Wetzel, 2010). On the other hand, pre- 
dominance of horizontal burrows without evidence of vertical 
displacement indicates a more constant input of organic mat- 
ter. Up-and-down movements of endobenthic organisms affect 
near-surface burrowers. Consequently, graphoglyptids tend to 
be absent in deep-sea regions affected by pronounced seasonal- 
ity of primary production (Wetzel, 2010). 

In lacustrine environments, grazing patterns are nonspecial- 
ized, as exemplified by the ichnogenus Mermia, which displays 
looping and a high level of self-overcrossing, recording the 
repeated passage of the tracemaker across the same portion 
of sediment. Such nonspecialized trophic strategies most likely 
reflect the abundance and accessibility of food in lacustrine 
systems (Buatois and Mangano, 1998). A similar situation has 
been recorded in modern tidal flats with grazing trails of the 
isopod Chirodotea coeca (Hauck et al., 2008). These authors 
documented an increase in trail tortuosity and self-overcross- 
ing parallel to an increase in food content. 

6.1.7 BATHYMETRY 

Originally, bathymetry was emphasized in earlier ichnologi- 
cal studies that attempted to establish links between trace-fossil 
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associations and depositional environments (e.g. Seilacher, 1967b). 
However, it soon became clear that ichnofacies and trace-fossil 
distribution reflect sets of environmental factors rather than sedi- 
mentary environments and specific bathymetric zones (see Section 
4.6). Exceptions to the standard bathymetric model are countless 
(e.g. Henbest, 1960; Crimes, 1977; Crimes et al., 1981; Pemberton 
and Frey, 1984b). As noted by Frey et al. (1990), bathymetry per 
se is only very rarely a governing factor. As a consequence, bathy- 
metric implications should be established with caution. In any 
case, the relative success of the ichnofacies model in bathymetric 
assessments is based on the fact that in some eases most direct 
controls (e.g. substrate type, food supply, energy) vary parallel to 
water depth (Fig. 6.1). A very general bathymetric trend is the 
dominance of dwelling structures in shallow water, the abun- 
dance of feeding, locomotion, and resting traces at intermediate 
depths and the dominance of farming and grazing traces in food- 
starved deep-water sediments (Ekdale, 1985). 

A different picture emerges from the study of mierobor- 
ings produced by microendolithic algae, bacteria, and fungi. 
Because many microborers are photosynthetic, they refleet 
adaptations to different light intensities and wave frequencies 
and, therefore, display a direct relationship with water depth 
(Glaub, 1994, 2004; Vogel et al., 1995, 1999, 2000; Glaub et al., 
2001, 2002, 2007; Perry and MacDonald, 2002; Vogel and 
Marincovich, 2004; Glaub and Vogel, 2004). Mieroborings can 
be used to differentiate euphotic, dysphotic, and aphotic zones, 
and index ichnocoenoses have been defined (Glaub, 1994; 
Glaub et al., 2001, 2002) (Fig. 6.12). Although this scheme 
was originally based on bathymetric studies in modern envi- 
ronments and Mesozoic-Cenozoic suecessions, further stud- 
ies demonstrated that it is applicable in the Paleozoic (Glaub 



and Vogel, 2004). The lower limit of the euphotic zone is 
located where thesurfacelightisreducedtoapproximatelyl%. This 
zone includes the supratidal, intertidal, and the well-illuminated 
subtidal (Liebau, 1984). The euphotic zone is essentially 
dominated by photoautotrophic endoliths, such as cyanobac- 
teria, green algae, and red algae. 

Analysis of microbioerosion allows us in turn to subdivide the 
euphotic zone into four subzones, three for the shallow euphotic 
region and one for the deep euphotic region (Glaub et al., 2001, 
2002; Glaub, 2004). Shallow euphotic subzone I is more or less 
equivalent to the supratidal zone, and is dominated by micro- 
borings of cyanobacteria that protect themselves from sunburn 
damage by sheath pigmentation. No index ichnocoenose has 
been defined from this zone because no ancient counterparts are 
known. Shallow euphotic subzone II is coincident with the inter- 
tidal zone, and is dominated by cyanobacterial microborings 
oriented perpendicular to the substrate. The index ichnocoenose 
of this subzone is the Fasciculus acinosusl Fasciculus dactylus ieh- 
nocoenose. The changing level in hydrodynamie energy is also 
a significant controlling factor in the intertidal zone. Shallow 
euphotic subzone III includes the well-illuminated portion of 
the subtidal area, and is dominated by microborings of cyano- 
bacteria, red algae, and green algae that commonly display per- 
pendicular orientations but may include parallel components, 
particularly with increasing water depth. The index ichnocoenose 
of this subzone is the Fasciculus dactylusl Palaeoconchocelis star- 
machii ichnocoenose. The deep euphotic subzone represents the 
less illuminated region of the euphotic zone, and is dominated 
by red and green algal microborings that are oriented parallel 
to the substrate. The index ichnocoenose of this subzone is the 
Palaeoconchocelis starmachiH Reticulina elegans iehnocoenose. 
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Figure 6.12 Bathymetric zonation based on microborings. HT = High tide. LT = Low tide. Vertical scale greatly exaggerated. Modified from Glaub (2004). 
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The dysphotic zone extends from the 1% level to approxi- 
mately 0.01% or 0.001% of surface light. This zone is dominated 
by chemoheterotrophic endoliths, mostly fungi. However, two 
traces of photoautotrophs (Scolecia filosa and Reticulina ele- 
gans) are present because their producers can cope with less 
than 1% of surface light. No index ichnocoenose has been 
defined from this zone. The aphotic zone is characterized by 
the lack of light and, therefore, includes heterotrophs only. 
The index ichnocoenose of this zone is the Saccomorplia 
clavata/Orthogonum lineare ichnocoenose. 

The bathymetric distribution of macroborings is less well 
understood. Bromley and D’ Alessandro (1990) analyzed the 
distribution of borings in shallow- and deep-marine coral mate- 
rials from the Pliocene to the Recent in the Mediterranean Sea. 
They noted that ichnodiversity is higher in shallow water than 
in deep water. The sponge boring Entobia was dominant in both 
shallow- and deep-water materials, but the latter are typified by 
less distinctive forms and greater morphological variability. This 
may result from areally restricted substrates that lead to con- 
strained development of the boring system with more mature 
chambers crowded into the corners of the substrate. While the 
abundance of other borings decreases in deep water, that of 
sponge borings increases dramatically, with coral substrates 
locally reduced to a filigree. However, the underlying control in 
degree of bioerosion is certainly not depth per se, but low rates 
of sedimentation in deep-sea settings. 

Comparative analysis of shallow- to deep-water macrobioero- 
sion in the Pleistocene carbonates of Rhodes also indicates higher 
ichnodiversity in shallow-marine settings (Titschack et al. , 2005). 
The shallowest-water facies is dominated by the bivalve boring 
Gastrochaenolites torpedo and the sponge boring Entobia gonio- 
ides. With increasing water depth, Gastrochaenolites disappears 
and the association is dominated by several ichnospecies of 
Entobia. The deepest-water ichnofabrics are dominated by the 
simple borings of polychaetes (Trypanites). However, relatively 
diverse macroboring associations were documented in the deep- 
water coral Lophelia in the Pleistocene of Rhodes (Bromley, 
2005). Rasping traces that are dominant in shallow-water cor- 
als, such as Radulichnus (produced by mollusks) or Gnathichnus 
pentax (produced by regular echinoids), are patchily distributed 
or absent, supporting an aphotic environment for the Lophelia 
bioerosion association. Associated microborings belong to the 
Saccomorpha clavatal Orthogonum lineare ichnocoenose, further 
supporting aphotic settings. 

6.1.8 WATER TURBIDITY 

The role of water turbidity is beginning to be recognized as an 
important controlling factor for benthic faunas (e.g. Gingras 
et al., 1998; MacEachern et al., 2005). In coastal areas affected 
by fluvial discharge, buoyant mud plumes extend in a seaward 
direction particularly under hypopycnal conditions (Bates, 
1953; Wright, 1977; Kineke et al., 1996). Because high sus- 
pended loads of fine-grained material close to the sediment- 
water interface clog the filter-feeding apparatus of suspension 



feeders, this trophic type tends to be inhibited under such 
conditions (Perkins, 1974). As a result, there is an impover- 
ishment or direct suppression of the Skolithos ichnofacies, 
and associations are dominated by deposit-feeding traces 
(Gingras et al., 1998; MacEachern et al., 2005; Buatois et al., 
2008). However, primary production can be severely affected 
in settings characterized by high water turbidity, resulting in a 
general impoverishment of both suspension and deposit feed- 
ers (Leithold and Dean, 1998). Therefore, on occasions, water 
turbidity may be conducive to an overall reduction in ichnodi- 
versity and burrow density (MacEachern et al., 2005). 

Estuaries are commonly turbid due to the amounts of silt and 
clay in the water, particularly in the low-energy estuary basin 
(Vernberg, 1983). Turbidity at the sediment surface typically 
excludes suspension feeders, which are sensitive to clogging 
(Rhoads and Young, 1970). Estuary-basin deposits, therefore, 
tend to be dominated by trace fossils of deposit feeders (Buatois 
et ah, 2002b). In particular, turbidity may be extreme in tide- 
dominated estuaries, with nonbioturbated mudstone typically 
characterizing the turbidity-maximum zone (Bechtel et al., 
1994; MacEachern and Gingras, 2007; Lettley et al., 2007b). 

Water turbidity also plays an important control in microbor- 
ing distribution (Perry and MacDonald, 2002). The depth-re- 
lated microboring zonation (see Section 6.1.7) may display some 
departure from the typical model depending on water turbidity. 
These authors noted that in turbid waters the euphotic zone 
is extremely compressed, and elements of the dysphotic zone 
(mostly fungi microborings) may occur at only 30 m depth. 

6.1.9 CLIMATE 

The application of ichnology in paleoclimatology is still in its 
infancy. The first studies were conducted in paleosols, using 
insect trace fossils (e.g. Genise and Bown, 1994a; Genise et al., 
2000). These authors noted that insects are extremely sensitive to 
local ecological constraints, and emphasized the importance of 
microclimate as an environmental limiting factor. Microclimate 
includes different aspects, such as temperature, radiation, humid- 
ity, and wind speed near the ground (Unwin and Corbet, 1991). 
In turn microclimate depends on local vegetation, and these two 
factors are ultimately controlled by climate. Therefore, insect 
trace fossils are powerful indicators of climate conditions at the 
time of nest formation. In fact, archetypal and potential paleo- 
sol ichnofacies are indicators of paleoclimatic conditions rather 
than depositional environments (Genise et al., 2000, 2010a). In 
particular, insect nests (calichnia) contain larvae that are provi- 
sioned with organic matter by the adults; both larvae and provi- 
sions are sensitive to microclimatic conditions, such as moisture 
and soil temperature (Michener, 1979; Grasse, 1984; Genise, 
1999; Genise et al., 2004b). Excessive moisture inside cells results 
in the decay of provisions, while insufficient moisture results in 
the dehydration of larvae (Genise et al., 2000). More recently, 
Hasiotis et al. (2007) addressed the relationship between tiering 
and availability of water, suggesting that tiers become progres- 
sively shallower as a response to increasing humidity. 
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A close relationship exists between Scarabaeinae dung bee- 
tles (producers of Coprinisphaera, Fontanai, and Monesichnus) 
and herbaceous communities, beeause these beetles provision 
their nests with excrement of vertebrate herbivores (Halffter 
and Edmonds, 1982; Genise et ah, 2000). The nests of most 
solitary bees (e.g. Celliforma, Palmiraichnus) are produced on 
bare, well-drained, light soil exposed to sun rather than humid 
tropical areas (Batra, 1984; Michener, 1979; Genise and Bown, 
1994a). Clustered bee cells, such as Corimbatichnus, Uruguay, 
and Palmiraichnus, most likely display similar preferences 
(Genise and Verde, 2000). This distribution is related to the fact 
that the larval food is commonly exposed to fungal attack or 
hygroscopic liquefaction in humid environments (Michener, 
1979; Roubik, 1989; Genise et al., 2000, 2004b). Bee nesting 
in poorly drained soils is, therefore, very rare (e.g. Roubik and 
Michener, 1980). Ants (producers of Attaicimus) also favor 
bare soil, although they may move eggs and larvae from one 
site to another to avoid submersion during flooding (Holldobler 
and Wilson, 1990; Genise et al., 2004b). Ecological preferences 
of dung beetles, bees, and, to a lesser extent, ants explain the 
association of the Coprinisphaera ichnofacies with herbaceous 
communities that range from dry and cold to relatively humid 
and warm climates. The climatic affinities of coleopteran pupal 
chambers (e.g. Teisseirei, Rebuffoichnus, Fictovichnus) are less 
well understood, although they tend to be associated with bee 
nests (e.g. Genise et al., 2002). 

In contrast, termite nests (e.g. Termitichnus, Vondrichnus, 
Fleaglellius, Tacuruichnus) tend to be more abundant in more 
humid environments, including waterlogged soils (Grasse, 1984). 
Paleosols dominated by termite nests commonly developed 
under higher-moisture conditions and more frequent flood- 
ing events than those dominated by dung beetle and bee nests 
(Genise and Bown, 1994b; Genise et al., 2000, 2004b). Genise 
(1997) used the presence of Tacuruichnus (a nest very similar to 
that of the extant species Cornitermes cumulans) to infer warm 
and wet conditions in Pliocene deposits. In some cases, termite 
nests may be associated with dung beetle nests (e.g. Sands, 1987). 
However, these termite nests are assigned to the Macrotermitinae, 
whose distribution ranges from tropical rain forest to semiarid 
steppes. In the Miocene Pinturas and Santa Cruz formations of 
Patagonia, the lower paleosols contain abundant termite nests 
{Syntermesichnus), while the upper ones display bee and dung 
beetle nests (Celliforma, Palmiraichnus, and Coprinisphaera), 
reflecting increasingly arid conditions and deforestation after 
ash fall events (Bown and Laza, 1990; Genise and Bown, 1994a). 
Climatic fluctuations characterized by the presence of rela- 
tively wet periods within more permanent semiarid conditions 
have been inferred from the presence of bee nests and coleop- 
teran pupal nests in Quaternary paleosols of the Canary Islands 
(Alonso-Zarza and Silva, 2002; Genise and Edwards, 2003). 

Tidal-flat environments commonly exhibit rapid changes in 
temperature related to periodic subaerial exposure that have 
strong impact on animal-sediment interactions (Mangano 
et al., 2002a). In addition, tidal-flat faunas experience import- 
ant latitudinal changes in connection to temperature gradients 



(e.g. Green and Hobson, 1970; Yeo and Risk, 1981; Aitken 
et ah, 1988). Upper-intertidal zones in tropical settings are char- 
acterized by very high temperatures, long durations of subaerial 
exposure, and abnormal salinities, representing an extremely 
inhospitable habitat for marine organisms. As a result, the high- 
est density of biogenic structures in tropical tidal flats is in the 
lower intertidal zone (Terwindt, 1988). In particular, arid cli- 
mates cause more extreme upper-intertidal conditions and cor- 
respondingly impoverished communities than humid climates. 
In general, benthic organisms tend to be less specialized in their 
diet, often being trophic generalists. On the other hand, high- 
latitude tidal flats commonly exhibit dense concentrations of 
biogenic structures in the upper-intertidal zone (e.g. Yeo and 
Risk, 1981). As documented by Reise (1985), bathymetric dis- 
placement of certain species along latitudinal gradients is com- 
mon. For example. Green and Hobson (1970) noted that the 
bivalve Gemma gemma lives in intertidal areas in northern 
North America and in subtidal areas in the south to avoid high 
temperatures on tidal flats. Aitken et al. (1988) documented a 
dominance of vertical domiciles of bivalves and polychaetes in 
modern subarctie tidal flats. These authors compared subarc- 
tic and temperate tidal flats in terms of biogenic structures and 
noted that some species (e.g. Corophium volutator) are abun- 
dant in temperate tidal flats but are absent from subarctic inter- 
tidal areas. Tidal flats that are exposed to regular winter freeze 
eontain lower ichnodiversity than their warmer counterparts 
(Gingras et ah, 2006). As noted by Mangano et al. (2002a), 
application of modern observations to the stratigraphic record 
is complicated. However, these authors extensively documented 
a Carboniferous equatorial tidal-flat ichnofauna that displays 
the highest density and diversity of biogenic structures in lower- 
intertidal deposits elose to low tide. Therefore, they concluded 
that high temperatures and increased desiccation in the upper- 
intertidal zone were probably major limiting factors. 

The topic of climatic controls on shallow-marine ichnofaunas 
has been explored also by Goldring et al. (2004). These authors 
proposed the existence of three climatic zones: (1) tropieal and 
subtropical with Ophiomorpha, echinoid trace fossils as well as 
other ichnotaxa; (2) temperate with echinoid trace fossils and 
Thalassinoides; and (3) arctic with only molluscan and worm trace 
fossils. Partial support for this model comes from observations 
in modern environments by Gingras et al. (2006), although 
they extended the dominance of mollusk and worm burrows 
to the temperate zone. Burrowing bivalves and worms tend to 
occur in bare intertidal deposits of temperate to cold climates, 
while crabs mostly burrow in vegetated intertidal sediments of 
tropical to subtropical settings (Eisma, 1998). However, both 
Ophiomorpha and Scolicia are abundant in Miocene mid-lati- 
tude shallow-marine settings under temperate to cold climates, 
suggesting an anomaly in the proposed pattern (Buatois et al., 
2003; Carmona et al., 2008). 

In particular, the ichnogenus Macaronichnus tends to occupy 
cold to temperate zones (Gingras et al., 2006; Pemberton et al., 
2006). Interestingly, Macaronichnus has been recently docu- 
mented in Mioeene tropical foreshore deposits, but associated 
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Figure 6.13 Macaronichnus in tropical settings, but linked to upwelling conditions, Upper Miocene, Urumaco Formation, Urumaco, northwest 
Venezuela. See Quiroz et al. (2010). (a) Foreshore deposits with Macaronichnus segregatis (cross-section), (b) Close-up of specimens showing light 
colored sand fill that contrasts with the dark colored surrounding mantle (bedding-plane view). Scale bars are 4 cm. 



with upwelling conditions (Quiroz et al., 2010) (Fig. 6.13a-b). 
Preliminary data also suggest an increase in trace-fossil size 
towards high latitudes (Gingras et ah, 2006; Pemberton et al., 
2006). In addition, deep-infaunal borrowers tend to be more 
abundant in mid and high latitudes (Aberhan et al., 2006; Bush 
et al., 2007; Carmona et al., 2008). 

It has long been suggested that the evolution of deep-sea 
benthic biotas has been influenced by water temperature (Wolf, 
1960). Comparative analysis of trace-fossil diversity in the 
deep sea through the Phanerozoic (Seilacher, 1974; Uchman, 
2004a) seems to support this view (see Section 14.2.2). Uchman 
(2004a) noted that the lowest ichnodiversities tend to occur in 
times of cold deep-seawaters, such as the late Paleozoic and the 
Oligocene. The role of the Late Ordovician glaciation is still 
unclear, but some authors have suggested that there is an asso- 
ciated drop in ichnodiversity (McCann, 1990). 

A different dataset comes from carbonate ichnofaunas. Most 
ichnological studies on carbonates focus on tropical environ- 
ments, particularly in the Bahamas, Grand Cayman, and Florida 
(e.g. Pemberton and Jones, 1988; Curran and White, 1991, 2001; 
Curran, 1992, 1994, 2007). Terrestrial suites in tropical settings 
include relatively diverse insect ichnofaunas, mostly produced 
by sphecid wasps and halictid bees, and pervasive root traces 
as well (Curran and White, 2001; Curran, 2007). Intertidal and 
subtidal tropical carbonates are dominated by crustacean bur- 
rows, including Ophiomorpha (Curran, 1994, 2007). However, 
Ophiomotpha is apparently rare in temperate carbonates. Large 
specimens of Conichnus seem to be common in both tropical 
and temperate carbonates (e.g. Curran and White, 1997). 

Bioerosion also displays some specific patterns in response 
to climate and latitude (Johnson, 2006). While most stud- 
ies concentrate in tropical and subtropical environments (e.g. 
Bromley, 1978; Bromley and D’Alessandro, 1983; Bromley 
and Asgaard, 1993a, b; Vogel et al., 2000; Glaub et al., 2001; 
Perry and MacDonald, 2002), there is a growing dataset on 
cold-temperate and polar regions (e.g. Akpan, 1986; Akpan 
and Farrow, 1984; Glaub et al., 2002; Vogel and Marincovich, 



2004; Wisshak et al., 2005; Wisshak, 2006). Some studies (e.g. 
Glaub et al., 2002; Vogel and Marincovich, 2004) have pointed 
to overall similarities between microbioerosion in high and low 
latitudes, indicating a widespread applicability of schemes ori- 
ginally established for tropical and subtropical areas. However, 
some differences were noted by Wisshak et al. (2005) and 
Wisshak (2006) in their study of bioerosion along the Swedish 
coast. The index ichnotaxa of the euphotic zone were either rare 
or absent, and this zone was very compressed in comparison 
to low latitudes. In fact, the boundary between the euphotic 
and dysphotic zones occurs at only 15 m. Some ichnotaxa (e.g. 
Flagrichnus haiulus) have been suggested to occur only in non- 
tropical settings (Wisshak and Porter, 2006). 

6.1.10 WATER TABLE 

The position of the water table and the degree of substrate 
humidity is one of the most fundamental controls in trace- 
fossil formation and preservation in continental environments 
(Gierlowski-Kordesch, 1991; Hasiotis et al., 1993a; Hasiotis 
and Honey, 2000; Buatois and Mangano, 2002, 2004a; Genise 
et ah, 2004b). Sediment water content strongly infiuences the 
degree of substrate consolidation, which in turn controls trace- 
fossil morphology and preservation (Buatois and Mangano, 
2002, 2004a). In fact, the position of the water table is essential 
to understand distribution of the Mermia and Scoyenia ichno- 
facies. The Mermia ichnofacies is formed in subaqueous fresh- 
water environments and, therefore, characterizes a high water 
table that results in the formation of water bodies, such as lakes 
and ponds (see Section 4.4.2). In contrast, the Scoyenia ichno- 
facies is formed in transitional settings, such as lake-margin 
environments (see Section 4.4.1), and corresponds to areas of 
relatively low water table. This is particularly so in the case of 
the firmground suite of the Scoyenia ichnofacies, which is asso- 
ciated with subaerial desiccated substrates. Links between the 
architecture of crayfish burrows [Camborygma), and the position 
of the water table have been established (Hobbs, 1981; Hasiotis 
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Figure 6.14 Roots of a modern 
quiver tree in arid environment, 
Gannabos Farm, South Africa. 
Note horizontally extended root 
systems to follow the water table 
generated close to the sediment sur- 
face after sporadic torrential rain. 



and Mitchell, 1993; Hasiotis et al, 1993a, 1998; Hasiotis and 
Honey, 2000). Complex architectures with many branches and 
chambers are constructed by primary burrowers in areas with 
a high water table, while deep simple burrows are dominant in 
areas with a low and/or highly fluctuating water table. 

Genise et al. (2004b) reviewed the relationships between differ- 
ent insect nests and the position of the water table in paleosols. 
Bee and dung beetle nests are commonly associated with low 
water tables. Hasiotis et al. (1993b) explored the links between 
a fluctuating water table and the scarabeid nest Scaphichnium in 
hydromorphic paleosols developed in a distal floodplain. They 
noted that the appearance of Scaphichnium was coincident with 
a decrease in gray root traces and meniscate traces, suggesting 
that the nest was emplaced during periods of low water table. 
The significance of coleopteran pupal chambers is unclear, but 
they are definitely constructed in subaerial substrates above the 
water table (Genise et al., 2002). Ant and termite nests are con- 
structed in well-drained to seasonally flooded soils (Genise et al., 
2004b). In the case of seasonally flooded soils, termites use a 
series of devices, such as chimneys or special walls, which allow 
them to deal with a higher water table (Genise et al., 2004b). 
Finally, earthworm burrows (e.g. Edaphichnium, Castrichnus) 
commonly occur in moist substrates, such as gleyed paleosols 
(Genise et al., 2004b; Verde et al., 2007). 

Root traees are particularly useful to evaluate position of 
the water table (Sarjeant, 1975; Cohen, 1982; Bockelie, 1994; 
Kraus and Hasiotis, 2006). Roots tend to be shallow and hori- 
zontally extended in poorly drained soils with a high water table 
as a response to lack of aeration (Sarjeant, 1975; Cohen, 1982). 
These roots are typically filled with carbonaeeous material 



and branch at distinct intervals (Bockelie, 1994). Goethite 
rims commonly surround root traces formed in poorly drained 
paleosols; some rhizoliths are preserved as tubular bodies of 
Fe and Mn oxides and jarosite (Kraus and Hasiotis, 2006). In 
contrast, environments with a low water table are characterized 
by penetrative, deep root traces (Cohen, 1982; Bockelie, 1994). 
These well-drained paleosols are characterized by calcareous 
rhizocretions, or elongate gray mottles surrounded by hematite 
rims (Kraus and Hasiotis, 2006). In arid environments affected 
by sporadic torrential rains, root systems can be horizontally 
extended to follow the rapidly generated water table close to the 
sediment surface (Fig. 6.14) 

6.2 ROLE OF TAPHONOMY 



Parallel to the detailed analysis of the limiting ecological factors, 
the role of taphonomic aspects should be clarified. Information 
derived from benthic ecology cannot be directly translated into the 
fossil reeord without a careful evaluation of the fossilization bar- 
rier (Seilacher, 1967a; Bromley, 1990, 1996), a taphonomic filter 
that separates the plethora of biogenic structures produced from 
the few that are preserved in the fossil record (see Section 5.2.2). In 
addition, different diagenetic proeesses provide a final overprint 
that may enhance ichnofossil visibility (see Section 1.3.2). 

Savrda (2007b) noted that two factors are involved in trace- 
fossil taphonomy: completeness of the preserved record of bio- 
genic activity or ichnological fidelity, and degree of ichnofossil 
preservation or trace-fossil visibility. He noted that these two 
factors may be independent of one another. For example, some 
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ichnofabrics may have high fidelity, but some or all trace fossils 
may be difficult to discern, while other ichnofabrics may have 
low fidelity, but discrete ichnotaxa may be well expressed. 

The concept of fossil-lagerstatten has been used extensively 
for body fossils and refers to “any rock containing fossils that 
are sufficiently well preserved and/or abundant to warrant 
exploitation” (Seilacher et al, 1985). Some studies attempt 
to apply this concept to the ichnological record, stressing the 
importance of taphonomic aspects in the final shaping of 
ichnofaunas (Bromley and Asgaard, 1991; Savrda et al., 1993; 
Savrda and King, 1993; Savrda and Ozalas, 1993; Mangano 
and Buatois, 1995a; Fornos et al., 2002; Savrda, 2007b). This 
has resulted in the adaptation of the classification framework 
of body-fossil lagerstatten of Seilacher et al. (1985) to the ana- 
lysis of ichnofaunas (Mangano and Buatois, 1995a; Savrda, 
2007b). Seilacher et al. (1985) distinguished concentration and 
conservation deposits, and divided the latter into obrution and 
stagnation deposits, these being the categories that can be easily 
translated into ichnofossil-lagerstatten. 

Concentration lagerstatten are characterized by an abun- 
dance of fossils that results either from transport, commonly in 
connection with episodic processes, or from condensation due 
to sediment starvation. Both situations are detected in connec- 
tion with concentrations of wood fragments with Teredolites. 
Although transport is exceedingly rare in the case of trace fos- 
sils, secondary displacement is common with Teredolites logs, 
and concentration lagerstatten commonly occur in transgres- 
sive lags (Savrda et al., 1993) (see Box 12.1). In addition, dense 
occurrences of logs with Teredolites result from the combination 
of increased rate of wood introduction during transgression 
and concentration of logs that have drifted via sediment starva- 
tion, delineating maximum flooding surfaces (Savrda and King, 
1993; Savrda et ah, 2005). Other examples of condensation 
ichnofossil-lagerstatten occur in omission surfaces developed in 
carbonates. In hardgrounds, very low sedimentation rates and 
early cementation result in intensely bioeroded surfaces that 
record ecological succession and changes in the degree of sub- 
strate consolidation (Mangano and Buatois, 1995a). 

Conservation lagerstatten involve exceptional preservation. 
Obrution deposits result from the episodic smothering of the 
sea floor that strongly affects benthic biotas (Seilacher et al, 
1985). Obrution ichnofossil-lagerstatten are relatively common. 
The best example is represented by the delicate preservation of 
graphoglyptids as predepositional trace fossils on the base of 
thin-bedded turbidites (e.g. Seilacher, 1962; Uchman, 2007). In 
continental settings, a similar situation is represented by deli- 
cate superficial trails preserved in underflow-current lacustrine 
deposits (Buatois and Mangano, 1993a). 

Stagnation deposits are formed under anoxic conditions that 
favor delicate preservation of body fossils (Seilacher et al, 1985). 
Because anoxia prevents the establishment of macrobenthic 
organisms, the emplacement of biogenic structures is commonly 
restricted (see Section 6.1.3). However, meiofaunal subsuperfi- 
cial trails have been recorded in Cambrian conservat lagerstatten. 
Tiny micrometric to millimetric trails (e.g. Helminthoidichnites, 



Helminthopsis, Cochlichnus) are directly associated with soft- 
bodied organisms in the Burgess Shale (Mangano and Caron, 
2008 ; Caron et al, 20\0; Mangano, 2010), Sirius Basset (Williams 
et al, 1996), Chengjiang (Y. Zhang et al, 2006), and Kaili (X. 
Wang et al, 2009; Lin et al, 2010) biotas. Interestingly, non- 
mineralized carapaces of Tuzoia and other organisms serve as 
sites of preferential preservation of biogenic structures. Dying 
trackways (mortichnia) formed under anoxic conditions and 
associated with the body fossils of their producers have been 
documented in stagnation fossil lagerstatten of Jurassic litho- 
graphic limestone (see Section 6.1.3). 

An ichnofossil-lagerstatten analogous to stagnation deposits 
is represented by a pelletal mixed layer preserved as a result of 
a deoxygenation event (Savrda and Ozalas, 1993) (see Section 
5.2.2). Preservation of mixed-layer biogenic structures is com- 
monly inhibited by the interplay of physical and biological proc- 
esses, including bioturbation by deep-tier infaunal organisms, 
and low sediment-shear stress. In the case analyzed by Savrda 
and Ozalas (1993), deoxygenation led to the cessation of bio- 
turbation and, in the absence of physical and biogenic rework- 
ing, mixed-layer traces became part of the historical layer. 

Ideally, taphonomic overprints should be analyzed in the con- 
text of depositional settings. In an attempt to evaluate the inter- 
play between depositional and taphonomic processes in specific 
sedimentary environments, the concept of taphonomic pathways 
has been applied to ichnology (Buatois and Mangano, 2004a, 
2007; Desjardins et al, 2010a). Analysis of trace-fossil preser- 
vational styles in continental deposits suggests that ichnofaunas 
result from various taphonomic pathways that reflect depositional 
conditions (subaqueous versus subaerial) and time spans between 
flooding events (Buatois et al, 1997b, 2007a; Zhang et al, 1998; 
Buatois and Mangano, 2002, 2004a, 2007; Minter et al, 2007b). 
Additionally, taphonomic pathways help to explain the role of 
substrate and rapid environmental fluctuations as main control- 
ling factors in ichnofacies development and replacement (Buatois 
and Mangano, 2002, 2004a, 2007). In fluvial systems, a variety 
of taphonomic pathways results from channel abandonment, 
overbank deposition, and establishment of ponded areas that 
may desiccate or be filled by overbank vertical accretion with- 
out experiencing desiccation (see Section 10.2). In lakes, tapho- 
nomic pathways commonly reflect shoreline fluctuations, and 
associated changes in substrate consolidation (see Section 10.3). 
Ichnofaunas formed in subaerially exposed overbank and lake- 
margin deposits are commonly represented by palimpsest surfaces 
recording taphonomic pathways due to progressive desiccation. 
The concept of taphonomic pathways has been applied also to 
the study of subtidal sand-dune complex dynamics (Desjardins 
et al, 2010a) and storm-dominated shallow-marine (see Section 
7.1) and deep-marine (see Section 9.2.1) enviroments. 

6.3 ICHNODIVERSITY AND ICHNODISPARITY 



In trace-fossil studies, ichnodiversity simply refers to the num- 
ber of ichnotaxa present. Most studies use ichnodiversity at 
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ichnogenus rather than at ichnospecies level because trace-fossil 
taxonomy is more firmly established at the ichnogenus level. 
As noted by Ekdale (1985), by no means should one estab- 
lish equivalence between species diversity and ichnodiversity. 
Because ichnodiversity essentially refiects the different inter- 
actions of organisms and the substrate, it depends on factors 
that are different from those that determine species diversity 
or, in the case of paleontological studies, body-fossil diversity 
(Bromley, 1990, 1996). Also, while some of the taphonomic fil- 
ters that operate in trace-fossil preservation are shared by body 
fossils, trace-fossil taphonomy has its own peculiarities (see 
Sections 5.2.2 and 6.2). 

However, if used with eaution, ichnodiversity may provide 
some information on general trends in species richness along 
depositional environments and through geologieal time (Ekdale, 
1988; Buatois et ai, 1997b; Mangano and Buatois, 2004b). Low 
ichnodiversity may be associated with some stress factors (e.g. 
brackish water, oxygen depletion, high energy). In contrast, high 
ichnodiversity is commonly linked to stable and predictable 
environmental conditions. Some ichnofacies as a whole illus- 
trates this principle. While the poorly diverse Skolithos ichno- 
facies develops under unstable conditions (e.g. high energy, 
fiuctuating rates of deposition and erosion), the highly diverse 
Nereites ichnofacies corresponds to the more stable conditions 
of the deep sea. Accordingly, trends in ichnodiversity may fol- 
low the hypothesis put forward by Sanders (1968) for species 
diversity that states that high stability or predictability of the 
environment is conducive to high species diversity. However, 
low ichnodiversity may, in some cases, be a simple taphonomic 
artifact resulting from intense bioturbation of deep-tier organ- 
isms (see Section 5.2.2). 

In ecological and macroevolutionary studies, global diversity 
has been divided in three components: alpha, beta, and gamma 
(Whittaker, 1972; Sepkoski, 1988). Alpha diversity measures the 
richness of taxa at a single locality or in a particular commu- 
nity; beta diversity refers to taxonomic differentiation between 
sites or communities; and gamma diversity records the taxo- 
nomic differentiation between regions. Alpha and beta diversity 
reflect species differentiation of niche and habitat, respectively, 
while gamma diversity refiects provinciality (Whittaker, 1972; 
Sepkoski, 1988). Ichnological studies oriented towards mac- 
roevolution (see Chapter 14) deal mostly with global diversity, 
essentially changes in ichnodiversity during certain times of 
Earth history (e.g. Crimes, 1992, 1994; Orr, 2001; Mangano 
and Droser, 2004), or in certain ecosystems through geological 
time (e.g. Buatois et al., 1998c, 2005). However, the three com- 
ponents of global diversity are not commonly discriminated in 
ichnological studies and, as a result, the term ichnodiversity has 
been used in more than one sense. This is illustrated by stud- 
ies dealing with the colonization of deep-marine ecosystems 
(e.g. Orr, 1996). Seilacher (1974) recorded the ichnodiversity of 
individual deep-marine trace-fossil associations in a use analo- 
gous to that of alpha diversity (Sepkoski, 1988), while Crimes 
and Crossley (1991) recorded diversity as the total number of 



ichnotaxa for that same time interval (global ichnodiversity). In 
that case, alpha ichnodiversity provides information about the 
structure of individual deep-marine communities, while global 
ichnodiversity gives evidence of large-scale diversification pat- 
terns in the deep sea (Buatois et al., 2001). 

An analog to alpha diversity is the most commonly used in 
ichnological studies dealing with paleoenvironmental charac- 
terization, in which ichnodiversity is assessed for individual 
facies or environmental zones. In turn, changes in alpha ichno- 
diversity throughout a succession represented by different facies 
or at different localities are evaluated to detect environmental 
changes. Conversely, beta ichnodiversity is commonly over- 
looked although it may provide information about the degree 
of similarity between ichnofaunas formed along an environ- 
mental gradient. For example, beta ichnodiversity could be 
useful to assess the degree of differentiation between nearshore 
and offshore trace-fossil associations, commonly represented 
by the Skolithos and Cruziana ichnofacies. Application of the 
notion of gamma diversity to ichnological studies is less evident 
because few studies deal with paleobiogeographic implications 
(e.g. Seilacher, 1992a, 1994; Orr, 1996; Systra and Jensen, 2006). 
However, gamma iehnodiversity may provide information to 
deteet trace-fossil provincialism. 

While diversity reflects taxonomic richness, paleontologists 
have also introduced the concept of morphological diversity or 
disparity (Gould, 1989, 1991; Foote, 1997; Erwin, 2007). This 
eoncept refers to variability in anatomical design, and has been 
used in current debates on the evolutionary significance of 
Cambrian faunas (e.g. Gould, 1989, 1991; Briggs and Fortey, 
1989; Briggs et ai, 1992; Fortey et al, 1996). Gould (1991) 
stressed the need for developing quantitative techniques to 
define morphospaees and map their fillings as a way of assess- 
ing disparity, a task subsequently undertook in several studies 
(e.g. Hickman, 1993; Foote, 1993, 1997). 

The concept of disparity may be adapted by ichnology, 
albeit in a qualitative way. While ichnodiversity simply refers 
to ichnotaxonomic riehness, iehnodisparity provides a meas- 
ure of the variability of morphological plans in biogenic struc- 
tures (or trace-fossil bauplan sensu Bromley, 1990, 1996). The 
fact that ichnodiversity and iehnodisparity are not necessarily 
eoncordant can be illustrated with a series of examples. The 
Mermia ichnofacies is relatively diverse, but iehnodisparity is 
remarkably low. Very minor behavioral variants result in rela- 
tively high ichnodiversity, but the different iehnotaxa mostly 
belong to a few basic morphological plans represented by sim- 
ple grazing trails. On the other hand, the Cruziana ichnofacies 
is eharacterized by both high iehnodiversity and iehnodisparity 
because it is taxonomically rich and, at the same time, contains 
a wide variety of trace-fossil bauplans (e.g. branching feeding 
systems, galleries, spreiten burrows, concentrically laminated 
struetures, bilobate trails). A special situation is recorded by the 
Nereites ichnofacies. The iehnodisparity is relatively high and 
represented by different basic designs (e.g. networks, meander- 
ing systems, branching meandering systems, radial structures). 
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However, the most diagnostic feature of this ichnofacies is 
the remarkably high ichnodiversity, which results from small 
but multiple variations of these basic patterns (e.g. Seilacher, 
1977a). Future work on this topic will be essential to attain 
more refined definitions of ichnodisparity, if possible, including 
quantitative techniques. 

6.4 POPULATION STRATEGIES 



The subdivision between r- and K-selection was introduced by 
MacArthur and Wilson (1967) to explain two different types of 
natural selection. Subsequently Pianka (1970) explored the con- 
cept in further detail, and noted that both types represent, in fact, 
end members of an r-K continuum. In particular, r-selection 
characterizes colonization in an ecological vacuum under little 
competition, typically following an environmental disturbance. It 
favors rapid reproductive and growth rates, small body size, short 
lives, wide environmental range, generalized trophic habits, high 
density of individuals, and low diversity of species. K-selection 
characterizes stable, specialized populations at equilibrium that 
have developed due to keen competition. Organisms are slow to 
colonize a new habitat, but are adaptively superior in the long 
term. It favors slow reproductive and growth rates, larger body 
size, long lives, narrow environmental range, specialized trophic 
habits, low density of individuals, and high diversity of species. 

These concepts on population strategies have been success- 
fully adapted to ichnology by distinguishing r-selected ichnotaxa 
(opportunistic) and K-selected ichnotaxa (equilibrium) (Miller 
and Johnson, 1981; Ekdale, 1985, 1988). Bromley (1990, 1996) 
further discussed the application of these concepts in ichnology, 
and suggested replacing equilibrium by climax trace fossils to 
avoid confusion with the ethological category equilibrium traces 
or equilibrichnia. Opportunistic ichnofaunas commonly display 
low ichnodiversity, high density of trace fossils, simple morph- 
ologies that reflect poorly specialized feeding strategies, and pro- 
duction over a short period of time (Ekdale, 1985). Examples 
of opportunistic ichnofaunas include monospecific suites of 
Skolithos or Ophiomorpha in high-energy shorelines and post- 
event suites in tempestites and turbidites (see Section 6.5). 
Spirophyton has been suggested as an opportunistic ichnotaxa 
based on its profuse occurrence in Devonian marginal-marine 
environments (Miller and Johnson, 1981), while Fuersichnus 
may represent another example but in continental environments 
(Bromley, 1990, 1996). Other ichnotaxa seem to be more contro- 
versial. Chondrites and Zoophycos have been suggested as oppor- 
tunistic ichnotaxa by Ekdale (1985), but other authors tend to 
favor a climax strategy based on the fact that sophisticated feed- 
ing strategies seem to be involved (e.g. Bromley, 1990, 1996). 

Climax ichnofaunas commonly display high ichnodiver- 
sity, low density of trace fossils, complex morphologies that 
reflect sophisticated feeding strategies, and production over a 
long period of time commonly revealed by permanent struc- 
tures (Ekdale, 1985). Individual ethological categories in cli- 
max ichnofaunas are represented by numerous ichnotaxa. 



Graphoglyptids are a typical example of climax ichnofau- 
nas. These complex burrow systems flourish under the sta- 
ble conditions that characterize the deep sea. Graphoglyptid 
associations are commonly characterized by large diversity, 
both at ichnogeneric and ichnospecific level (Seilacher, 1977a; 
Uchman, 1995, 1998). Although graphoglyptids are shallow- 
tier structures, Bromley (1990, 1996) noted that most climax 
biogenic structures (e.g. Zoophycos) occupy deep tiers. 

Bromley (1990, 1996) noticed that subtle modifications in the 
environment could result in the two communities (opportunistic 
and climax) alternating in a stratigraphic succession. Fair-weather 
associations of the Cruziana ichnofacies that alternate with storm- 
related suites of the Skolithos ichnofacies represent a classic 
example of alternating climax and opportunistic ichnofaunas 
(Pemberton and Frey, 1984a; Pemberton et ah, 1992c; Pemberton 
and MacEachern, 1997) (see Section 7.1). Interestingly, the estab- 
lished link between population strategies and time spans involved 
in bioturbation is at odds with observation from modern shallow- 
marine environments (Gingras et al., 2008b). Measurement of 
burrowing rates in various suspension and deposit feeders indi- 
cates that intensely burrowed examples in the Skolithos ichnofacies 
require longer time spans than in the Cruziana ichnofacies! 

6.5 RESIDENT AND COLONIZATION ICHNOFAUNAS 



The topic of population strategies is directly linked to the notion 
of resident and colonization ichnofaunas. Recognition of these 
ichnofaunas is essential in any paleoecological analysis. Resident 
ichnofaunas record the activity of the indigenous benthic fauna, 
while colonization ichnofaunas reflect the activity of a pioneer 
community that becomes established after a major environmen- 
tal disturbance. In fully marine settings, resident ichnofaunas are 
commonly highly diverse and tend to be morphologically com- 
plex, reflecting the activity of climax communities. As such, they 
reflect depositional conditions associated with times of stable 
background sedimentation. In the case of environments affected 
by episodic sedimentation, resident ichnofaunas are commonly 
preserved as pre-depositional suites at the base of event sand- 
stones. This is typically illustrated by graphoglyptids on the soles 
of deep-marine turbidite sandstone (Seilacher, 1962; Leszczyhski 
and Seilacher, 1991). Although these structures are preserved as 
secondary casts in the turbidite layers, they reflect the activity of 
the organisms that inhabit the mudstone biotope during intertur- 
bidite times (see Section 9.2). Therefore, the Nereites ichnofacies, 
in particular, the Paleodictyon subfacies of Seilacher (1974), rep- 
resents the archetypal resident ichnofauna of the deep sea. In 
shallow-marine, wave-dominated environments resident ichno- 
faunas record the activity of fair-weather communities. Resident 
suites are preserved either at the base of storm deposits or in the 
intercalated, fair-weather finer-grained deposits (e.g. Mangano 
and Buatois, 201 1). The Cruziana ichnofacies typifies the activity 
of the indigenous biota in this setting. 

Colonization ichnofaunas are typically of low diversity and are 
morphologically simple, reflecting the activity of opportunistic 
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communities. They represent the work of a pioneer community 
that rapidly invades an ecosystem, and is able to thrive under 
unstable and stressful conditions. Because colonization ichno- 
faunas establish immediately after a rapid depositional episode, 
they are commonly preserved as post-depositional suites in event 
sandstone. The classic example is the bathymetrically displaced 
suites of the Skolithos iehnofacies (i.e. ArenicoKtes ichnofacies of 
Bromley and Asgaard, 1991). This ichnofacies occurs in deeper 
water than that of its archetypal position, colonizing offshore 
tempestites (Pemberton and Frey, 1984a; Frey, 1990) or deep-ma- 
rine turbidites (Leszczynski and Seilacher, 1991). Low-diversity 
suites of simple grazing trails may represent colonization ichno- 
faunas in lacustrine turbidites (Buatois and Mangano, 1995c). 



6.6 ECOSYSTEM ENGINEERING 



In the previous sections of this chapter, we have essentially 
adopted an adaptationist and externalist view of ichnology that 
is based on the assumption that an ichnofauna is shaped by 
environmental controls via their influence on the behavior of the 
tracemakers. However, some organisms modify, maintain, and 
create habitats, exerting profound changes in the ecosystems. 
The concept of ecosystem engineering (Jones et ah, 1994) helps 
to explain the aetive role that some organisms play in modifying 
their environment. This concept refers to the modification of the 
physical environment by the action of organisms that directly or 
indirectly modulate the availability of resources to other species 
(Jones et al., 1994; Coleman and Williams, 2002; Berkenbusch 
and Rowden, 2003; Wright and Jones, 2006). Empirical studies 
have demonstrated that the loss of key bioturbators is critical in 
ecosystem performance (e.g. primary productivity) and results 
in a decrease in biodiversity (Lohrer et al., 2004). The impact of 
burrowing organisms in ecosystem function has been empha- 
sized in studies framed within the perspective of biodiversity 
and ecosystem function (Solan et al., 2008, 2009). 

In particular, Jones et al. (1994) classified ecosystem engineers 
into two types: autogenic, or those who change the environment 
via their own physical structures (i.e. their living and dead tis- 
sues), and allogenic, or those who do so by transforming living 
or non-living materials from one physical state to another via 
mechanical or other means. For example, by constructing dams, 
beavers alter the hydrology of an alluvial plain and create water 
bodies, representing a typical example of allogenic engineers 
(Naiman et ah, 1988). It is this latter type that has implications 
in ichnology, because the process of bioturbation itself phys- 
ically modifies the environment in a significant way (e.g. Reise 
and Volkenborn, 2004; Wada et al., 2004; Dewitt et al., 2004). 
Although ichnology certainly has not emphasized this aspect of 
animal activity, the role of bioturbation in ecosystem engineer- 
ing has long been recognized. In fact, Darwin (1881) provided 
one of the earliest studies on the effects of bioturbation in his 
classic book on soil formation through earthworm activity. 

For example, infaunal burrowers influence the chemical prop- 
erties of the substrate by increasing oxygen circulation through 
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Figure 6.15 The polychaete Arenicola marina as an ecosystem engineer. 
Modified from Reise and Volkenborn (2004). 



the sediment, which in turn has a positive feedback on the bio- 
mass of organisms within the sediment, the rate of organic mat- 
ter decomposition, and the regeneration of nutrients, which is 
essential for primary productivity (Solan et al., 2004a, 2008). 
The depth and abruptness of the redox potential discontinuity 
depend on the amount of oxidizable organic matter within the 
sediment and oxygen flow. Subsurface deposit feeders extend 
the oxic layer of sediment from close to the surface down to 
their depth of feeding in modern environments (e.g. Rhoads 
and Germano, 1982; Reise, 1985). 

In addition, burrows may provide habitats for other organ- 
isms. Reise and Volkenborn (2004) analyzed the role of the 
polychaete Arenicola marina, which increases diversity on mod- 
ern sand flats by maintaining a complex burrow in which other 
animals live (Fig. 6.15). At the surface, feeding pits become 
water ponds during low tide and serve as refuges for swim- 
ming copepods, turbelarians, and juvenile shrimps. Amphipods 
exploit organic particles that are flushed into the interstitial 
system associated with the fecal mound, and turbelarians (e.g. 
ArchUoa) prey on small animals that have passed through the 
gut of A. marina and can be trapped in the fecal mound itself 
Within the coarse-grained sand that envelopes the burrow, sev- 
eral meiofaunal organisms are established, together with small 
capitellid polychaete, tubificid oligochaetes, nemertines, and 
amphipods. Up to 173 specimens of the amphipod Urothoe 
poseidonis were counted at a single burrow. Other inhabitants 
(e.g. copepods, nematodes) live between the bushy gills, the tail 
shaft, and the sediment enveloping the tail shaft of A. marina. 

Trace fossils may also provide evidence, albeit indirect, of 
amensalism (one species is unaffected, and the other one is 
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harmed). Rhoads and Young (1970) proposed that deposit 
feeders may negatively affect suspension feeders to the point of 
making life impossible for the affected group. This phenomenon 
is referred to as trophic-group amensalism and has been subse- 
quently regarded as an example of ecosystem engineering by 
Jones et al. (1994). Mobile, mostly detritus- and deposit-feeder 
infauna and epifauna, but also some sedentary organisms, 
whose feeding and defecation activities may provide abundant 
particles in suspension, destabilize the substrate (Rhoads and 
Young, 1970; Rhoads, 1974). Physical instability tends to clog 
the filtering structures of suspension feeders, bury newly set- 
tled suspension-feeding larvae or inhibit their settling, and pre- 
vent sessile epifauna from attaching to an unstable mud bottom 
(Rhoads and Young, 1970). In contrast, sedentary organisms 
that build mucus-lined tubes within the sediment reduce resus- 
pension and erosion, and represent sediment stabilizers. At least 
in part, this is commonly expressed in the trace-fossil record by 
the segregation of two distinct associations broadly reflected by 
the Skolithos and Cruziana ichnofacies. 

Based on observations on an example of the latter in 
Carboniferous tidal-flat deposits, Mangano et al. (2002a) sug- 
gested that dense concentrations of mobile detritus-feeding 
nuculanid bivalves (producers of Protovirgularia and Lockeia) 
may have acted as sediment destabilizers, precluding the devel- 
opment of vertical burrows of suspension feeders. The same 
role may have been played by the worm-like producers of dense 
associations of Nereites that altered the nature of the substrate, 
encapsulating within the sediment large volumes of defeca- 
tion products. The intruding up-and-down movements of the 
Curvolithus tracemaker (gastropods or flat worms) may have 
also played a destabilizing role in some communities. 

On a larger scale, bioturbation results in landscape changes. 
This has been clearly illustrated by ichnological studies docu- 
menting pervasive changes in intertidal landscape due to the 
activity of callianassids (Curran and Martin, 2003) (Box 6.2), 
and sturgeons (Pearson et al., 2007). Bioturbation can also sig- 
nificantly alter continental landscapes. Extensive burrows are dug 
and excavated by a wide variety of mammals (e.g. rabbits, mole 
rats, prairie dogs, pocket gophers), creating complex underground 
gallery systems that are expressed by a complex topography on 



the surface and provide opportunities for ecological interactions 
(Whicker and Detling, 1988; Bromley, 1990, 1996; Neal and 
Roper, 1991; Moloney et al., 1992; Whitford, 2002). 

Spectacular examples of “ichnolandscapes” are provided by 
the activity of the South African harvester termite 
Microhodotermes viator, which produces a mounded topography 
referred to as heuweltjies (Afrikaans for “little hills”) (Lovegrove 
and Siegfried, 1989; Turner, 2004; Fey, 2010). These mounds are 
1-2 m in height above ground level, and 20-30 m in diameter, 
becoming easily recognizable because they support plant com- 
munities that are different from those in surrounding areas 
(Fig. 6.17a-b). The mounds represent long-term structures that 
result from successive colonization events by several generations 
of termites (Milton and Dean, 1990). Mounds produced by the 
hairy-nosed wombat Lasiorhinus latifrons in Australia can cover 
several hundred square meters and can be seen on LANDSAT 
images (Loffler and Margules, 1980). 

6.7 ORGANISM-ORGANISM INTERACTIONS 



Although ichnology is defined as the science of organism- 
substrate interactions, trace fossils also provide information on 
organism-organism interactions. As discussed in the previous sec- 
tion, some of these effects result from the impact of ecosystem 
engineers (see Section 6.6). However, other effects are due to direct 
interactions between organisms (Abrams, 1987). This commonly 
occurs when another organism acts as a substrate, suggesting a 
symbiotic association. Symbiosis refers to relationships between 
two or more different species, in which at least one of them ben- 
efits from the association (Smith and Douglas, 1987; Tapanila and 
Ekdale, 2007). Three main types of symbiotic relationships can be 
established: parasitism (one species benefits to the detriment of 
the other), commensalism (one species benefits and the other one 
is not affected), and mutualism (both species benefit). 

Parasitic infestation may be expressed by bioerosion struc- 
tures. In order to recognize parasitism, the alternative explan- 
ation of post-mortem bioerosion should be ruled out and one 
should rely on detecting evidence of specific responses by the 
host organism (e.g. overgrowth, regeneration, or embedment). 



Box 6.2 Thalassinidean shrimps as ecosystem engineers in modern tidal flats of San Salvador Island, Bahamas 

A spectacular example of ichnolandscapes has been documented in tidal flats of Pigeon Creek, in the Bahamian island of San Salvador 
(Fig. 6. 1 6a-b). These tidal flats are formed along the margins of a hypersaline lagoon. The tidal flat is characterized by a mounded top- 
ography, resulting mostly from the activity of the callianassid shrimp Glypturus acanthochirus. This shrimp produces deep, large and 
complex burrows, with a downward spiraling morphology, generating intense bioturbation. Glypturus acanthochirus is an ecosystem 
engineer that completely transforms the intertidal landscape. Mounds are up to 30 cm high and 1 m wide. The resulting mounds may 
coalesce forming larger structures that are flattened by tidal action. In addition to the activity of Glypturus acanthochirus, microbial 
mats stabilize the mounds by tending to armor their surfaces. As a result, the mounds are highly resistant to erosion and are long lived. 
The mounds are also colonized by the shrimp Upogehia vasquezi and the fiddler crab Uca major. The former produces U-shaped, com- 
monly paired, burrows, while the latter constructs simple vertical burrows with a basal bulbous turnaround. 



Reference: Curran and Martin (2003). 
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Figure 6.16 Mounded topography 
resulting from the activity of the 
thalassinidean shrimp Glypturus 
acathochirus. Pigeon Creek, San 
Salvador Island, Bahamas, (a) 
General view, (b) Close-up of mounds. 
See Curran and Martin (2003). 



Neumann and Wisshak (2006) noted that echinoderms favor 
the recognition of infestation of parasites, beeause the echino- 
derm skeleton represents a living tissue capable of reacting to 
disturbance. These authors doeumented Late Cretaceous etehed 
attachment scars produced by parasitie foraminifers on the oral 
surface of a holasteroid echinoid. A specific type of parasitism 
is revealed by the dual behavior of endosymbionts that is pre- 
served in the ichnological record as bioclaustrations or embed- 
ment structures (Bromley, 1970; Tapanila, 2005; Tapanila and 
Holmer, 2006; Tapanila and Ekdale, 2007). In these cases, a 
trace-fossil cavity is produced by the growth-interfering behav- 
ior of a symbiont living in the growing skeleton of the host. 
The dual activity of the settler symbiont is revealed by interfer- 
ence of host growth and maintenance of the dwelling structure 
(Tapanila, 2005). Although less common, parasitism may be 



expressed by structures that are not strictly due to bioerosion, 
but preserved in a trace fossil itself An example is illustrated by 
beetle nests in paleosols that contain internal galleries formed by 
cleptoparasites (Mikulas and Genise, 2003; see Section 1.2.4). 
Nara et al. (2008) documented a Pleistocene bivalve, Cryptomya 
busoensis, with its posterior end attached to the upogebiid bur- 
row Psilonichnus, and compared this association with modern 
examples. They interpreted this as a mild form of parasitism, 
in which the bivalve used the sediment-water interface on the 
internal surface of the crustacean burrow, taking food and oxy- 
gen, and expelling wastes. 

Even less common is ichnological evidence of commensalism 
in the ichnofossil record, and only very recently have examples 
been documented. Wisshak and Neumann (2006) documented 
a commensal association between a spionid polychaete and a 
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Figure 6.17 Mounded topography 
(heuweltjies) produced by the har- 
vester termite Microhodotermes via- 
tor, Matjiesgloof Farm, South Africa. 
See Fey (2010) (a) General view, (b) 
Close-up of termite mounds. 



holasteroid echinoid from the Late Cretaceous. The interaction 
is suggested by the presence of abundant specimens of the bor- 
ing Caulostrepsis associated with distinct regeneration textures 
in the echinoderm. These authors suggested commensalism 
rather than parasitism, based on the fact that while the poly- 
chaete sheltered and fed from organic matter resuspended by the 
echinoderm, there was no evident harm involved for the latter. 

Mutualism is expressed in the ichnological record by farm- 
ing behavior. For example, some termites (i.e. subfamily 
Macrotermitinae) build gardens where a symbiotic fungus is 
cultivated (Sands, 1969). Termites use their own feces to build a 
structure where the fungus grows (fungus comb). Fossil fungus 
combs are associated with termite nests in Miocene paleosols, 
recording the earliest example of symbiotic termite fungicul- 
ture (Duringer et al., 2007). 

6.8 SPATIAL HETEROGENEITY 



Trace fossils commonly display a heterogeneous distribution 
across an individual sedimentary unit (i.e. they show a deviation 



from randomness). In fact, any casual observer inspecting an 
outcrop can find substantial differences in the trace-fossil con- 
tent along a single bedding plane. However, despite being spatial 
heterogeneity, a well-known feature in ecological studies (e.g. 
Schafer, 1972; Reise, 1985; Gili and Coma, 1998), it has been 
noted in ichnological analysis relatively recently (Pemberton 
and Frey, 1984b; Leszczynski, 1991b; Mangano et al., 2002a; 
Genise et al., 2004b; Mcllroy, 2007a; Scott et al., 2007a). In 
many instances, spatial heterogeneity is produced by the impact 
of ecosystem engineers (see Section 6.6). Also, computer simula- 
tions and experiments seem to indicate that resource patchiness 
plays a strong control on invertebrate behavior, particularly in 
foraging organisms (Plotnick and Koy, 2005; Koy and Plotnick, 
2010) (see Section 3.4). 

Zonation and patchiness of benthic communities is common 
in modern marine environments, both in shallow-marine (e.g. 
Schafer, 1972; Anderson and Meadows, 1978; Newell, 1979; 
Reise, 1985; Tufail et al., 1989) and deep-marine settings (Gage 
and Tyler, 1991). Within shallow-marine settings, intertidal areas 
are particularly heterogeneous as a result of both physical and 
biotic processes. The tidal cycles, tidal currents, river input, and 
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wind processes lead to a wide variety of salinity changes and 
hydrodynamic regimes (Meadows et ah, 1998). For example, 
different suspension feeders capture particles of variable sizes, 
leading to patehy species distribution controlled by the flow rate 
of the surrounding water (Gili and Coma, 1998). In addition, 
the complex biogenic interactions of the intertidal zone result 
in further complexity (Reise, 1985; Bertness, 1999; Little, 2000). 
In fact, the proeess of bioturbation itself, which involves par- 
ticle selective feeding, influences spatial heterogeneity (Murray 
et al., 2002). Under these conditions, heterogeneity oceurs pri- 
marily at two seales. At the larger scale, zonational distribution 
is expressed along the entire tidal range, as illustrated by dif- 
ferent animal eommunities living in different areas within the 
tidal flat (i.e. tidal channels and tidal flats; upper, middle, and 
lower tidal flats); these changes are better understood within the 
framework of facies analysis (see Section 7.2). 

Of more interest here are those changes revealed at a smaller 
scale. Spatial segregation of species may reflect distinct micro- 
habitats and partitioning of energy resources within each envir- 
onment. A particular spatial array of organisms permits the 
exploitation of particular food resources within the limits of 
their tolerance to environmental conditions. This allows max- 
imum utilization of available food resourees and minimum inter- 
specific competition (Newell, 1979). The spatial separation of 
barnacles and limpets within the lower intertidal zone of rocky 
shorelines represents an example (Lewis, 1961). In the middle- 
and, particularly, in the lower-intertidal area, food resources are 
abundant and varied, but, equally, the organisms are bound by 
other species whose requirements may overlap with their own. In 
these settings, patchiness eommonly results from niche special- 
ization, thereby significantly reducing interspecific competition. 
Selection commonly favors those behavioral responses that tend 
to restrict organisms to particular niches at which they convert 
energy more efficiently than their neighbors (Wolcott, 1973). 

Substrate microtopography across the tidal flat exerts a control 
on spatial heterogeneity because it strongly influences sediment 
grain size, sorting, and organic richness (Thum and Griffiths, 
1977). These authors noted that water enters through ripple 
troughs and exits through the crests along a pressure gradient. 
This circulation pattern results in a re-sorting of sediment with 
small grains and organic debris being drawn into the troughs. 
Organics are trapped within the sediment to a depth equal to the 
height of the ripple crest. The localized distribution of organic 
matter accounts for the aggregation of meiofauna, and inverte- 
brate grazers in ripple troughs (Jansson, 1967; Harrison, 1977, 
Newell, 1979). Small patches of nematodes may occur in ripple 
troughs as a response to preferential accumulation of organic 
detritus (Hogue and Miller, 1981). 

The polychaete Scolecolepsis squamata constructs vertical 
shafts on slight topographic rises, while the spiral traps of the 
paraonid polychaete Paraonis fulgens occur in nearby depres- 
sions in intertidal areas (Roder, 1971; Bromley, 1990, 1996). 
Segregation of associations of the amphipod Corophium volu- 
tator, the polychaete Arenicola marina, and the prosobranch 
Hydrobia has been noted in modern sand flats (Reise, 1985). 



Mounds are stabilized and inhabited by the tube-dwelling 
amphipods, the prosobranch tends to concentrate at the fringe 
of the mounds, and the polychaete causes high sediment turn- 
over in the surrounding areas. In this case, heterogeneity most 
likely reflects trophic amensalism as a result of the mutual exclu- 
sion of sediment stabilizers and destabilizers (see Section 6.6). 
Evaluation of spatial heterogeneity in modern intertidal areas 
has been quantitatively assessed through the establishment of 
three transects in intertidal areas of the Clyde Estuary, Scotland 
(Meadows et al., 1998). The first transect was at right angles 
to the sand dunes (crest/trough transect), the seeond and third 
crossed the crest (crest transect) and trough (trough transect), 
respectively. Correlation, eluster, and principal component ana- 
lysis highlighted patterns of spatial patchiness in the microhabi- 
tats and the associated macrobenthic community. 

Information from marine benthic ecology can be used to 
understand heterogeneous distribution of biogenic structures in 
the stratigraphie record. Heterogeneity related to local micro- 
topography, typically bedforms or small positive areas along 
individual bedding planes, has been detected in Carboniferous 
tidal flats (Mangano et al., 2002a). In particular, patchiness is 
revealed by the preferential presenee of Psammichnites implexus 
in ripple troughs. Small-scale spatial heterogeneity probably doc- 
uments the effects of bedform topography on the partitioning 
of food resources. Psammichnites implexus commonly displays a 
guided meandering pattern in ripple troughs, reminiscent of the 
hyporelief Helminthorhaphe of deep-marine settings. Absence 
of self-overcrossing suggests phobotaxis. This distribution may 
reflect food searching in ponded areas of ripple troughs during 
the low tide (Mangano et al., 2002a, b). 

Patchiness in these Carboniferous tidal flats is also represented 
by mounds characterized by dense aggregations of U-shaped 
tubes (Protovirgularia bidirectionalis) and small vertical burrows. 
U-shaped, mucus-lined bivalve burrows most likely stabilized 
the substrate and trapped the sediment to form the mounds on 
the tidal-flat surface (see Section 6.7). Similar mounds are pro- 
duced by Corophium volutator (Reise, 1985) and tube-building 
polychaete worms (Jones and Jago, 1993) in modern tidal flats. 
The reason why the infaunal burrowers chose this particular spot 
is more difficult to assess, but it may have been related to some 
particularly attractive feature of the sediment, as site selection 
is rarely random. Larval preference for settlement in particular 
sites has been associated with speeific substrate features, either 
physical properties (e.g. grain roundness) or biologieal compo- 
nents (e.g. organic film induced by bacteria, type of interstitial 
organisms, presence/absenee of seagrass) (Newell, 1979; Reise, 
1985). For example, the presence of a film of microorganisms 
on the surface of sand grains is instrumental in allowing the 
settlement of the polychaete Ophelia bicornis (Wilson, 1954, 
1955). Meadow and Anderson (1968) conducted a survey of 
microorganisms attached to grains of intertidal sand and found 
an uneven distribution, with microorganisms tending to eoneen- 
trate in small pits and grooves on the surface. Microbial stabil- 
ization is also a major controlling factor in creating topographic 
irregularities in tidal flats, such as erosive remnants, mounds. 
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and domal upheavals, and projecting bedding planes in tidal 
flats (Gerdes et al., 1994, 2000; Noffke et al, 1996; Noffke, 
1999, 2010; Schieber et al, 2007). 

Patchiness in trace-fossil distribution has been systematically 
analyzed in wave-dominated shallow-marine successions from 
an ichnofabric perspective (Mcllroy, 2007a). Lateral changes in 
ichnodiversity, proportions of ichnotaxa, and behavioral types 
are remarkable over short distances (less than 55 m along a dep- 
ositional strike). In contrast, the size of trace fossils shows less 
spatial variation. Accordingly, Mcllroy (2007a) suggested cau- 
tion in the use of ichnofabrics for intra-regional correlations. 

Heterogeneity is also very common in deep-marine environ- 
ments (Gage and Tyler, 1991; Leszczynski, 1991b). Observations 
from modern deep-sea floors indicate that benthic organisms 
display a heterogeneous distribution as result of a complex 
interplay of factors (e.g. local environmental changes, larval 
settlement). One of the most common cases is the concen- 
tration of organisms (e.g. ophiuroids, holothurians) forming 
patches across the sea floor (e.g. Billett et al., 1983; Gage and 
Tyler, 1991). Examination of turbidite soles reveals lateral vari- 
ation in the distribution of complex grazing traces and graph- 
oglyptids at different scales (e.g. Leszczynski and Seilacher, 
1991; Leszczynski, 1991b). Trace-fossil patchiness seems to be 
common in thin-bedded turbidites, including radial patches of 
Ophiomorpha and gregarious occurrences of Scolicia. 

Patchiness is particularly common in the continental realm, 
where it has been noted in both terrestrial and freshwater set- 
tings. Habitat heterogeneity is also common in lakes, as a result 
of a wide variety of factors, such as food resources, shelter, and 
breeding opportunities (Cohen, 2003). In particular, hyper- 
saline-lake environments associated with hot springs display 
heterogeneous distribution of biogenic structures (Scott et al., 
2007a). These lakes are very stressful, but may contain local 
zones where less extreme environmental conditions allow for- 
mation, and preservation of biogenic structures (see Section 



10.3.1) . These so-called oases are commonly present around 
freshwater point-sourced springs and contain a concentrated 
view of the biodiversity within the lake (Scott et ah, 2007a). 

River floodplains are also extremely variable, being character- 
ized by sharp environmental gradients, leading to strong spatial 
heterogeneity at different scales (Baker and Barnes, 1998; Ward 
et al., 1999, 2002). Species-rich areas commonly exist as iso- 
lated fragments across the channel and overbank landscape. At 
a smaller-scale, terrestrial-aquatic gradients linked to overbank 
flooding create local patches that influence formation and pres- 
ervation of biogenic structures (e.g. Smith, 1993) (see Section 

10.2.2) . In this respect, proximity to the river channel is directly 
linked to water availability, which is one of the main controlling 
factors in alluvial environments (see Section 6.1.10). 

Genise et al. (2004b) mentioned variable lateral distribu- 
tion in coleopteran pupation chambers (Rebuffoichnus) from 
Cretaceous paleosol ichnofabrics. This pattern was in sharp 
contrast with that of meniscate trace fossils present in the same 
ichnofacies, which display a more homogeneous lateral distri- 
bution. Ecological studies in modern soils suggest that hetero- 
geneity may be linked to patchy distribution of populations in 
response to several factors, such as soil texture and carbon con- 
tent (Ettema and Wardle, 2002). 

In deserts, heterogeneity is linked to both patterns of plants 
in relationship to soil and topography, and animal-generated 
disturbances in soil (Whitford, 2002). Vertebrates (e.g. mam- 
mals, reptiles) and even arthropods create patches in arid envi- 
ronments (see Section 6.6). Some holes excavated by mammals 
serve as collection points for seeds and organic matter, having 
a strong impact in arid ecosystem dynamics. Animal activity 
affects soil chemistry and vegetation growth, resulting in het- 
erogeneous distribution of root traces in desert environments. 
Water availability is also highly variable across desert areas con- 
trolling distribution of biogenic structures (e.g. dunes versus 
interdunes, dry versus wet interdunes). 



7 Ichnology of shallow-marine clastic environments 



As discussed in other chapters of this book, traces commonly receive a paleontologic or zoologic connotation. Because of this aspect, 
traces are often given a short shrift by sedimentologists. This situation is unfortunate, and indeed unfair, to the study of sediments because 
the contained lebensspuren are sedimentary structures (albeit biologically formed) and should receive attention equal to that devoted to 
structures developed by physical processes. In fact, these traces often supply evidence of sedimentological conditions that is superior to 
information gained only by the study of physical structures. If the foregoing is not sufficient reason for sedimentologists to be concerned 
with the study of ichnology, perhaps they can be prodded into it by virtue of the fact that the nefarious beasts creating the biogenic struc- 
tures have a nasty habit of destroying their beloved physical structures, and they should at least attempt to identify the enemy! 

Jim Howard 

“The sedimentological significance of trace fossils” (1975) 



Historically, one of the major strengths of ichnology is its utility 
in facies analysis and paleoenvironmental reconstructions. 
Undoubtedly, marine ichnology has been the main focus of most 
trace-fossil research in this respect. However, our knowledge of 
marine ichnofaunas is still uneven. The vast majority of ichno- 
logical studies applied to facies analysis and paleoenvironmental 
reconstruction deals with ichnofaunas from siliciclastic suc- 
cessions, rather than carbonates, mixed carbonates-clastics, or 
volcaniclastics. In siliciclastic settings, both shallow- and deep- 
marine ichnofaunas have received similar attention. However, 
ichnological studies in shallow-marine environments have 
attained better integration with sedimentological data than those 
in deep-marine settings. In turn, the ichnology of wave-domi- 
nated shallow-marine environments has been explored in more 
detail than their tide-dominated counterparts. In connection 
with this, the ichnological content of sandy shores is much better 
known than that of muddy coasts. In fact, some specific types of 
muddy shorelines, such as chenier plains (e.g. Augustinus, 1989), 
remain essentially unrecognized in the geological record. Also, 
end members, with respect to wave and tidal dominance, are bet- 
ter understood than mixed systems (e.g. Anthony and Orford, 
2002). In this chapter, we will review the ichnology of different 
shallow-marine clastic environments, covering wave-dominated, 
tide-dominated, mixed systems, and muddy shorelines. 

7.1 WAVE-DOMINATED SHALLOW MARINE 



Shallow-marine wave-dominated environments host a large num- 
ber of benthic organisms that interact with the substrate in many 
different ways. As a result, trace fossils are diverse and abundant 
in wave-dominated shallow-marine deposits. Alternating and con- 
trasting hydrodynamic energy levels due to repeated storm events 
are among the most important limiting factors for trace-fossil dis- 
tribution and preservation (Pemberton and Frey, 1984a; Vossler 
and Pemberton, 1989; Frey, 1990; Frey and Goldring, 1992; 
MacEachern and Pemberton, 1992; Pemberton et al., 1992c; 



Pemberton and MacEachern, 1997; Buatois et al., 2002b, 2007b; 
Mangano et al., 2005a). These studies demonstrated that storms 
involve erosion followed by rapid deposition, which in turn is fol- 
lowed by a waning phase and the re-establishment of fair-weather 
sedimentation under a lower-energy regime (Fig. 7.1). Storms 
impose a stress factor on the benthic communities inhabiting these 
wave-dominated environments (see Section 6.1.1). 

Storm-dominated successions contain two contrasting trace- 
fossil suites revealing the response of the benthic fauna inhabiting 
two successive and different habitats (Pemberton and Frey, 1984a; 
Pemberton eta/., 1992c, 2001; Pemberton and MacEachern, 1997). 
The resident, fair-weather suite is produced by a benthic commu- 
nity developed under stable and rather predictable conditions. 
This suite typically illustrates the Cruziana ichnofacies, and reflects 
the activity of populations displaying K-selected or climax strat- 
egies (see Section 6.4). Common components of the fair-weather 
suite are Cruziana, Rusophycus, Dimorphichnus, Teichichnus, 
Asteriacites, Rhizocorallium, Asterosoma, Dactyloidites, Phycodes, 
and Arthrophycus, among many others. By contrast, the storm- 
related trace-fossil suite indicates colonization after the storm 
event. This suite is produced by an opportunistic community 
displaying r-selected population strategies in an unstable, phys- 
ically controlled environment. Opportunistic colonizers com- 
monly, though not always, belong to the Skolithos ichnofacies 
(or Arenicolites ichnofacies of Bromley and Asgaard, 1991). 
Skolithos, Ophiomorpha, and Arenicolites are typical compo- 
nents of the storm-related assemblage. Escape trace fossils do not 
belong to any of these suites, but are produced during the sedi- 
mentation event in an attempt to avoid rapid burial (Bromley, 
1990, 1996). Extremely dense concentrations of Chondrites at the 
top of tempestites may suggest the burial of high quantities of 
organic matter during storms (Vossler and Pemberton, 1988a). 
Also, fair-weather Chondrites may rework burrow-fills of the 
storm-related suite, representing the only evidence of the resident 
fauna (Fig. 7.2a-b). 

Integration of ichnological and sedimentological informa- 
tion has resulted in a detailed paleoenvironmental model that 
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Figure 7.1 Taphonomic pathways of shallow-marine environments affected by storm erosion and deposition. A high frequency of storms results in 
very short-term to negligible colonization windows. Under these conditions, amalgamated storm deposits are formed. These tempestites are either 
non-bioturbated, or contain only escape burrows. Under slightly lower frequency of storms, short-term colonization windows allows the establishment 
of elements of the storm-related trace-fossil suite. Strong erosion due to intense storms results in removal of shallow-tier trace fossils and burrow trun- 
cation, allowing preservation of only deep-tier burrows (e.g. Ophiomorpha, Diplocraterion). Long-term colonization windows allow development not 
only of the storm-related suite but also establishment of the fair-weather suite. If erosion by a subsequent storm is intense, the latter is removed and 
only deep-tier burrows of the former are preserved. Alternatively, elements of the fair-weather suite (e.g. Chondrites) may be preserved inside burrows 
of the storm-related suite. Under moderate to little erosion, the fair-weather suite is preserved, resulting in the alternation of intervals preserving the 
storm primary fabric (plus burrows of the storm-related suite) and bioturbated intervals due to the activity of the fair-weather suite (lam-scram). Very 
long-term colonization windows accompanied by little erosion results in total obliteration of storm deposits or relict tempestite preservation. 




Figure 7.2 Fair-weather Chondrites isp. 
reworking storm-related Diplocraterion 
parallelutn. Middle Eocene, Pauji 
Formation, Motatan Field, Maracaibo 
Basin, western Venezuela. Core width 
is 6 cm. (a) General view, (b) Close-up. 
See Delgado et al. (2001). 
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Figure 7.3 Ichnological and sedimentological aspects along a wave-dominated depositional profile. Alternating low and high intensity of bioturb- 
ation in the foreshore is due to local patches displaying intense reworking by Macaronichnus. HCS, hummocky cross-stratification; SCS, swaley 
cross-stratification. Distribution of ichnofacies and depositional processes based on MacEachern et al. (1999a). 



allows delineation of proximal-distal trends along a backshore- 
nearshore-oflfshore-shelf transect, referred to as the “shoreface 
model” (MacEachern and Pemberton, 1992; MacEachern et ah, 
1999a; Pemberton et al., 2001) (Figs. 7.3 and 7.4). In this model 
the term “shelf” is used in a more restricted way and separated 
from the offshore. Observations were originally based on out- 
crops and cores from the Mesozoic foreland basin of western 
North America (e.g. Pemberton et ah, 1992d), but the database 
has been subsequently expanded to include information from 
elsewhere (e.g. Buatois et al., 2002b; Mangano et al., 2005a; 
Angulo and Buatois, 2009) (Box 7.1). 

The proximal-distal energy gradient in open-marine wave- 
dominated systems is rather straightforward, with a seaward 
decrease in wave energy (Yoshida et al., 2007). In connection 
to the energy gradient, other environmental factors change in 
a predictable way. The energy gradient determines the type of 
substrate available for benthic colonization. Sand-mud rate 
decreases seaward and, therefore, wave-dominated environments 
are represented by sandy shores (Brown and McLachlan, 1990). 
The distribution of biogenic structures is also controlled by the 
available food supply (the food resources paradigm of Pemberton 
et al., 2001). Proximal settings typically contain food particles 
kept in suspension in the water column by currents and waves, 



while distal environments are characterized by organic detritus 
within the sea bed (see Section 6.1.6). Oxygen content usually is 
not a limiting factor in agitated shallow waters, but dysaerobic 
and even anoxic conditions may occur in low-energy distal set- 
tings, significantly affecting ichnodiversity (see Section 6.1.3). 

Analysis of selected case studies documenting shallow-marine 
clastic ichnofaunas shows that few ichnotaxa are restricted to par- 
ticular subenvironments of the nearshore to offshore transect. The 
available information reveals, therefore, the pitfalls of the checklist 
approach, as previously noted by Howard and Frey (1975). An 
integrated approach, taking into account several characteristics, 
such as degree of bioturbation, abundance of individual ichno- 
taxa, ethological, and ecological significance of the biogenic struc- 
tures, ichnofabrics, and tiering structure, is more useful to delineate 
environmental subdivisions of shallow-marine clastic successions 
(e.g. Buatois et al., 2002b; Mangano et al., 2005a). 

7.1.1 BACKSHORE 

Backshore environments are characterized by stressful con- 
ditions, resulting from a combination of subaerial expos- 
ure and rapid variations in substrate types and energy levels, 
mostly reflecting torrential rains and storm surges (Frey and 
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Figure 7.4 Schematic reconstruction of trace-fossil distribution in wave-dominated shallow-marine environments. The proximal zone of the backshore 
is characterized by vertical dwelling structures with a bulbous basal cell, which are assigned to Macanopsis {Ma) together with arthropod trackways 
(At), vertebrate trackways (Vt), and root traces (Rt). The seaward zone of the backshore is dominated by Psilonichnus (Ps). The foreshore is unbio- 
turbated for the most part, but it may contain Skolithos (Sk) and high-density occurrences of Macaronichnus (Ma). The upper shoreface is sparsely 
bioturbated and may contain vertical burrows, such as Skolithos (Sk), Diplocraterion (Di), and Arenicolites (Ar), as well as crustacean galleries, such 
as Ophiomorpha (Op), dominated by vertical components. The middle shoreface is similar to the lower shoreface, but tends to be more bioturbated 
and other ichnotaxa, such as Bergaueria (Be) and Rosselia (Ro), may be added. The lower shoreface is extremely variable with respect to intensity and 
frequency of storms. Asterosoma (.4s), Bergaueria (Be), Planolites (PI), Palaeophycus (Pa), Thalassinoides (Th), Rhizocorallium (RJ^), Rosselia (Ro), 
Skolithos (Sk), and Diplocraterion (Di) are typical components. The offshore transition is similar in taxonomic composition to the lower shoreface, 
but tends to display higher ichnodiversity and intensity of bioturbation. Ichnogenera, such as Teichichnus (Te) and Phycosiphon (Ph), may become 
abundant. The upper offshore is highly diverse, and may include Asterosoma (As), Arenicolites (Ar), Bergaueria (Be), Planolites (PI), Curvolithus (Cu), 
Protovirgularia (Pr), Lockeia (Lo), Palaeophycus (Pa), Arthrophycus (Art), Phycodes (Pc), Thalassinoides (Th), Rhizocorallium (Rli), Rosselia (Ro), 
Teichichnus (Te), Zoophycos (Zo), and Phycosiphon (Ph). The lower offshore is less diverse, and tends to be dominated by Asterosoma (.4s), Planolites 
(PI), Thalassinoides (Th), Chondrites (Ch), Teichichnus (Te), Zoophycos (Zo), and Phycosiphon (Ph). Shelf deposits are intensely bioturbated, but trace- 
fossil diversity is low. Chondrites (Ch), Zoophycos (Zo), and Phycosiphon (Ph) are typical components. 



Pemberton, 1987). Beach-backshore deposits are extremely 
diverse, including wave and current-rippled cross-laminated 
sand in ponded areas, and a wide variety of wind-generated 
structures (e.g. wind ripples and small-scale blowouts) in sand 



exposed to eolian action. The landward edge of the beach is 
characterized by eolian dunes, which in the rock record are 
commonly preserved as planar cross-stratified sandstone com- 
monly displaying steeply dipping foresets. 



Box 7.1 Ichnology of lower Paleozoic wave-dominated shallow-marine deposits of northwest Argentina 

The Alfarcito Member of the Upper Cambrian-Tremadocian Santa Rosita Formation in northwestern Argentina contains well- 
preserved and laterally continuous outcrops, recording deposition in a wave-dominated, low-gradient open-marine system. The 
lower interval of the Alfarcito Member represents a transgressive-regressive cycle, encompassing lower offshore to lower-middle 
shoreface environments (Fig. 7.5). Benthic fauna and trace-fossil distribution were essentially controlled by alternating and con- 
trasting energy conditions due to repeated storm events superimposed on fair-weather deposition. The fair-weather suite is the 
most diverse and includes a wide variety of behaviors, such as locomotion (Archaeonassa fossulata, Cruziana semiplicata, C. prob- 
lematica, Cruziana isp., and Diplichnites isp.), resting (Rusophycus moyensis, R. carbonarius, Rusophycus isp., and Bergaueria aff. B. 
hemispherica), pascichnia (Dimorphichnus aff. D. quadrifidus), feeding (Arthrophycus minimus, IGyrolithes isp., Gyrophyllites isp., 
IPhycodes isp., and Planolites reinecki), and dwelling (Palaeophycus tubularis and P striatus). The storm-related suite is monospe- 
cific and consists of Skolithos linearis, preserved as relatively deep, endichnial structures that penetrate into sandstone tempestites. 
While the fair-weather suite is represented by the Cruziana ichnofacies, the storm-related suite illustrates the Skolithos ichnofacies. 
Integration of ichnological and sedimentological data allows ichnological proximal-distal trends along a nearshore-offshore 
transect to be established (Fig. 7.5). High energy prevailed in lower-and middle-shoreface environments, and bioturbation is 
restricted to vertical burrows (Skolithos linearis), recording colonization after storm events. Environmental conditions in the 
offshore transition and the upper offshore are more variable as a result of the alternation of high-energy storm events and low- 
energy fair-weather mudstone deposition. The storm-related Skolithos ichnofacies is present, but alternates with the fair-weather 
suite (Cruziana ichnofacies) which reaches a diversity maximum in the upper offshore. Trace fossils are scarce in lower-offshore 
deposits, mostly being restricted to Palaeophycus tubularis. Shoreface deposits are of the strongly storm-dominated type. 

Reference: Mangano et al. (2005a). 
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Figure 7.5 Ichnological and sedimentological model of the Alfarcito Member of the Upper Cambrian-Tremadocian Santa Rosita Formation of 
northwest Argentina (after Mangano et al., 2005a). HCS, hummocky cross-stratification. 
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As a result of harsh conditions, few animals are able to sur- 
vive in supralittoral areas and, therefore, ichnofaunas are char- 
acterized by low ichnodiversity and abundance. Backshore 
areas contain a mix of structures produced by terrestrial and 
marine animals, as well as plant-generated structures (Frey and 
Pemberton, 1987). Terrestrial elements occur in dune areas, 
while the marine components are present in the beach. A link 
between both settings occurs, mostly represented by exchange 
of sand, groundwater, salt spray, and living and dead organic 
material (Brown and McLachlan, 1990). 

The terrestrial component is represented by invertebrate, 
vertebrate, and plant traces. Terrestrial invertebrate structures 
include vertical domiciles of insects and spiders, commonly 
with a bulbous basal cell, and horizontal locomotion and graz- 
ing tracks and trails of insects. However, these horizontal traces 
have minimum preservation potential. The vertebrate ichno- 
fauna consists of different trackways produced by amphib- 
ians, reptiles, birds, and mammals (Frey and Pemberton, 1986). 
Coprolites may also be abundant. Plant traces are represented 
by root structures mostly generated by halophytic vegetation 
(adapted to conditions of high salinity) in seaward areas and 
by other types of plants landward. In particular, foredunes, rel- 
ict foredunes, and parabolic dunes are extensively vegetated by 
aggressive pioneer plants and relatively robust plants (Brown 
and McLachlan, 1990). 

Marine organisms are mainly represented by ghost crabs of the 
family Ocypodidae (e.g. Uca pugilator and Ocypode quadrata), 
including both detritus feeders and scavengers. Ghost crabs con- 
struct vertical J-, Y-, and U-shaped dwelling structures assigned 
to the ichnogenus Psilonichnus (Radwahski, 1977; Fiirsich, 
1981; Curran, 1984; Frey eta/., 1984a; Nesbitt Campbell, 2006). 
In siliciclastic settings, ghost crabs extend from the beach to the 
eolian dune area (Frey et ai, 1984a; Curran and White, 1991). 
Crawling traces of crabs, although extremely common in mod- 
ern shorelines, have a very low preservation potential (Curran, 
1984; Frey et ah, 1984a). Other locomotion and grazing hori- 
zontal traces are produced by limulids, amphipods, bivalves, and 
gastropods in modern examples, but remain virtually unknown 
in fossil examples of backshore environments. 

Collectively these structures are included in the Psdonichnus 
ichnofacies (Frey and Pemberton, 1987). Backshore areas grade 
landwards into a wide variety of terrestrial environments char- 
acterized by different trace-fossil assemblages that mostly belong 
to the Scoyenia and Coprinisphaera ichnofacies, as well as other 
potential terrestrial ichnofacies (Buatois and Mangano, 1995b; 
Genise et al., 2000). 

7.1.2 FORESHORE 

The foreshore is characterized by high-energy conditions due 
to intense swash and backwash processes in the intertidal area. 
Foreshore deposits mostly consist of well-sorted, coarse- to 
medium-grained sandstone with subparallel to low-angle cross 
stratification, known as swash-zone stratification. Parting linea- 
tion is common. In some cases, foreshore deposits consist of clast- 



supported pebble to cobble conglomerate displaying clast imbri- 
cation (Buscombe and Masselink, 2006). 

Because of high energy, foreshore deposits tend to be sparsely 
bioturbated and of low ichnodiversity (MacEachern and 
Pemberton, 1992; Pemberton etal., 2001). Locally, zones intensely 
bioturbated by Macaronichnus are common (see Section 6.1.1), 
representing the Macaronichnus assemblage of Pemberton et al. 
(2001) (see also Seike, 2008, 2009) (Fig. 7.6a-b). Deep-tier ver- 
tical dwelling structures of suspension feeders, such as Skolithos 
(Fig. 7.6c) and Ophiomorpha, are typical elements, reflecting 
abundant organic particles kept in suspension by energetic wave- 
forced currents. Middle-tier horizontal to inclined dwelling traces 
(e.g. Palaeophycus and Schaubcylindrichnus) involving other 
trophic groups, such as passive predators and deposit feeders, 
have lower preservation potential (Pemberton et al., 2001). The 
foreshore ichnofauna is ascribed to the Skolithos ichnofacies. In 
any case, most foreshore deposits are unburrowed. 

7.1.3 UPPER SHOREFACE 

The upper shoreface occurs below the low-tide line, and is 
subjected to multidirectional current flows in the build up and 
surf zones (Clifton et al., 1971; Komar, 1976; Walker and Plint, 
1992). As in the foreshore, high-energy conditions are predom- 
inant. Upper-shoreface deposits typically consist of trough and 
planar cross-stratified well-sorted, coarse- to medium-grained 
sandstone. Locally, pebble conglomerate and pebbly sandstone 
beds may occur. 

Continuous migration of large bedforms results in sparse col- 
onization by the benthic fauna. Accordingly, it is not uncom- 
mon to find upper-shoreface deposits that are unburrowed. 
As a result of overall high-energy conditions, upper-shoreface 
ichnofaunas resemble those from the foreshore in their sparse 
distribution, low diversity, dominance of vertical domiciles 
of the Skolithos ichnofacies (e.g. Skolithos, Ophiomorpha, 
and Diplocraterion), and local abundance of Macaronichnus 
(MacEachern and Pemberton, 1992; Pemberton et al., 2001). 
Although Macaronichnus is more common in the upper shore- 
face-foreshore transition, in reflective shorelines it may occur 
down in the upper shoreface (Pemberton et ah, 2001). In add- 
ition, Conichnus may occur locally. Although shallow-tier bio- 
genic structures may be emplaced, deep-tier elements have much 
higher preservation potential. As a result, upper-shoreface 
ichnofabrics are overwhelmingly dominated by deeply penetrat- 
ing vertical burrows (Fig. 7.7a). 

7.1.4 MIDDLE SHOREEACE 

The middle shoreface is located in the area of shoaling and initial 
breaking of waves (Reinson, 1984; Clifton, 2006). High energy 
due to migration of longshore bars is predominant. Middle- 
shoreface deposits consist of swaley cross-stratified, well- 
sorted, medium- to fine-grained sandstone. Locally, trough 
cross-stratification, combined-flow ripples and, more rarely 
hummocky cross-stratification may occur. Storm-induced 
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Figure 7.6 Ichnofaunas from fore- 
shore deposits, (a) Low-angle 
cross-stratified sandstone with a 
monospecific dense assemblage of 
Macawnichnus segregatis. Upper 
Cretaceous, Horseshoe Canyon 
Formation, Drumheller, Alberta, 
western Canada. Scale bar is 10 cm. 
See Pemberton et al. (2001). (b) Core 
expression of similar deposits contain- 
ing Macawnichnus segregatis. Upper 
Oligocene-Lower Miocene, Naricual 
Formation, El Furrial Field, Eastern 
Venezuela Basin. Core width is 8 cm. 
See Quiroz et al. (2010). (c) Sparsely 
bioturbated parallel-laminated 
sandstone showing low density of 
Skolithos linearis. Pleistocene, Tablazo 
Formation, Ballenita, Pacific coast, 
Ecuador. Lens cap is 5.5 cm. 



scouring is particularly intense in the middle shoreface (Aigner 
and Reineck, 1982). 

Because of overall high-energy conditions, middle-shoreface 
deposits are typified by the Skolithos ichnofacies (MacEachern 
and Pemberton, 1992; Pemberton et ah, 2001). However, in 
contrast to the foreshore and upper shoreface, ichnodiversity 
and intensity of bioturbation is somewhat higher. Ophiomorpha 
(Fig. 7.7b), Skolithos (Fig. 7.7e), Diplocraterion, Arenicolites, 
Conichnus, and Bergaueria are common components. 
Thalassinoides with dominantly vertical components may occur 
(Fig. 7.7c). Escape trace fossils may also be present. The fre- 
quency and intensity of storms play a major role on patterns 
of substrate colonization by the benthic fauna (see Section 
7.1.5). Under weak and infrequent storms, some elements of 
the Cruziana ichnofacies, such as Rosselia (Fig. 7.7d and f) and 
Asterosoma (Fig. 7.7g), may be present. Under increased storm 
influence nearly all the components are vertical burrows of sus- 
pension feeders and passive predators (Pemberton et al., 2001). 
If the intensity and frequency of storms is high, deposits are 
unburrowed or only dominated by a few deep-tier forms, resem- 
bling upper-shoreface ichnofabrics. 

7.1.5 LOWER SHOREFACE 

The lower shoreface occurs immediately above the fair-weather 
wave base (Reinson, 1984; Walker and Plint, 1992). Wave action is 
the most important process in this zone. Lower-shoreface depos- 
its consist of thick hummocky cross-stratified fine- to very fine- 



grained sandstone. Wave and combined-flow ripples are locally 
common at the top of hummocky beds. Individual sandstone 
beds generally pinch out, but bedsets are commonly laterally per- 
sistent (Brenchley et al., 1993). Millimetric partings may occur 
locally between some hummocky cross-stratified units. 

MacEachern and Pemberton (1992) noted that lower-shore- 
face deposits display strong ichnological variability as a result 
of contrasting regimes in terms of intensity and frequency 
of storm events. The weakly storm-affected lower shorefaces 
(low energy) are characterized by relatively minor amounts 
of tempestites. These deposits are dominated by fair-weather 
trace-fossil assemblages, and thin storm beds are commonly 
obliterated by biogenic reworking or thoroughly bioturb- 
ated (e.g. Buatois et ah, 2002b, 2003; Carmona et al., 2008). 
In addition, ichnodiversity is high, and assemblages tend 
to be dominated by feeding traces of infaunal deposit feed- 
ers, such as Phycosiphon (Fig. 7.8a), Teichichnus (Fig. 7.8e), 
Phycodes, Asterosoma (Fig. 7.8a-b), Schaubcylindrichnus (Fig. 
7.8a-b and f), Taenidium (Fig. 7.8d and t}, Helicodromites, and 
Rhizocorallium (Fig. 7.8h). Grazing trails of deposit feeders, 
including Planolites, Nereites (Fig. 7.8b-c) and Scolicia (Fig. 
7.8a-b,e-g), feeding traces of chemosymbionts (Chondrites) 
and dwelling traces of suspension feeders (e.g. Palaeophycus) 
and deposit or detritus feeders (e.g. Cylindrichnus and 
Rosselia) are also present. Crustacean burrow networks, such 
as Thalassinoides (Fig. 7.8f) and Ophiomorpha may be abun- 
dant. Equilibrium structures, mostly Diplocraterion (Fig. 
7.8h), may occur locally. Asterosoma, Diplocraterion, and 




Figure 7.7 Ichnofaunas from upper- to middle-shoreface deposits, (a) Vertical Ophiomorpha nodosa in upper-shoreface deposits. Lower Miocene, 
Chenque Formation, Playa Alsina, near Comodoro Rivadavia, Patagonia, Argentina. Lens cap is 5.5 cm. See Carmona et al. (2008). (b) Several ver- 
tical specimens of Ophiomorpha isp. in middle-shoreface deposits. Lower Miocene, Chenque Formation, Punta Delgada, near Comodoro Rivadavia, 
Patagonia, Argentina. Scale bar is 20 cm. See Carmona et al. (2008). (c) Vertical Thalassinoides isp. cross-cutting variably oriented Pkmolites heverleyensis 
in middle-shoreface deposits. Pliocene, Lacui Formation, Cucao, Chiloe Island, southern Chile. Scale bar is 1 cm. (d) Sideritized Rosselia socialis in 
middle-shoreface deposits. Pliocene, Lacui Formation, Cucao, Chiloe Island, southern Chile. Scale bar is 1 cm. (e) Core expression of Skolithos linearis in 
middle-shoreface, planar cross-bedded medium-grained sandstone. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, 
United States. Scale bar is 1 cm. See Buatois et al. (2002b). (f) Core expression of middle-shoreface, planar cross-bedded medium-grained sandstone with 
reworked Rosselia isp. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois 
et al. (2002b). (g) Core expression of Cylindrichnus concentricus in middle-shoreface deposits. Upper Carboniferous, Lower Morrow Sandstone, Gentzler 
Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois et al. (2002b). (g) Core expression of A.sterosoma isp. in middle-shoreface sand- 
stone. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois et al. (2002b). 




Figure 7.8 Ichnofaunas from weakly storm-affected lower-shoreface deposits (low energy), (a) Cross-section view of intensely bioturbated very fine-grained 
sandstone below a horizon with in situ specimens of Pinna sp. containing Nereites missouriensis, Schauhcylindrichnus freyi, Asterosoma isp., Scolicia isp, 
and Phycosiphon incertum. Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 10 
cm. See Carmona et al. (2008). (b) Close-up showing of Nereites missouriensis (Ne), Asterosoma isp {As}, and Scolicia isp. {Sc). Lower Miocene, Chenque 
Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale shows 1 cm division. See Carmona et al. (2008). (c) Bedding-plane 
view of Nereites musouriemis. Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 1 cm. 
See Carmona et al. (2008). (d) Bedding-plane view of Taenidium isp. cross-cutting a background ichnofabric. Lower Miocene, Chenque Formation, Playa 
Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 1 cm. See Carmona et al. (2008). (e) Oblique view of Teichichnus zigzag cross- 
cutting Scolicia isp and overprinted on a background ichnofabric. Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, 
Patagonia, Argentina. Scale bar is 1 cm. See Carmona et al. (2008). (f) Bedding-plane close-up view of intensely bioturbated very fine-grained sandstone 
containing Taenidium isp. (Ta), Schauhcylindrichnus freyi (Sh), Thala.s.sinoides isp. (Th), and Scolicia isp (Sc). Note complex cross-cutting relationships. 
Lower Miocene, Chenque Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale shows 1 cm divisions. See Carmona et al. 
(2008). (g) Bedding-plane view of abundant Scolicia isp. (and their echinoid producers) overprinted on a background ichnofabric. Lower Miocene, Chenque 
Formation, Playa Las Cuevas, near Comodoro Rivadavia, Patagonia, Argentina. Scale bar is 10 cm. See Carmona et al. (2008). (h) Core expression of 
intensely bioturbated fine-grained sandstone containing Rltizocorallium isp. (Rh) and Diplocraterion isp. {Di) overprinted on a background mottling iclmo- 
fabric. Upper Carboniferous, Lower Morrow Sandstone, Gentzler Field, southwest Kansas, United States. Scale bar is 1 cm. See Buatois et al. (2002b). 
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Figure 7.9 Ichnofaunas from moderately storm-affected lower-shoreface deposits (intermediate energy), displaying the typical “lam-scram” pat- 
tern. (a) Sparsely bioturbated to non-bioturbated hummocky cross-stratified sandstone zone interbedded with intensely bioturbated sandstone. 
Note deeply penetrating Diplocraterion into hummocky sandstone. Lower Jurassic, Staithes Sandstone Formation, Hartle Loup, North Yorkshire 
Coast, England. Lens cap is 5.5 cm. See Taylor and Pollard (1999). (b) Alternating hummocky cross-stratified and burrowed zones. Lower to Middle 
Miocene, Caiman Formation, Bryn Gwyn Paleontological Park, Patagonia, southern Argentina. Lens cap is 5.5 cm. See Scasso and Bellos! (2004). 
(c) Intensely burrowed sandstone with hummocky zones preserved as relict lenses. Lower to Middle Miocene, Caiman Formation, Bryn Gwyn 
Paleontological Park, Patagonia, southern Argentina. Lens cap is 5.5 cm. See Scasso and Bellos! (2004). (d) Alternating hummocky cross-stratified 
and burrowed zones. Base is on the lower left and top on the upper right. Lower Permian, Rio Bonito Formation, Mina de Irul, southern Brazil. Core 
width is 7 cm. See Buatois et al. (2007b). (e) Close-up showing deep Diplocraterion penetrating throughout the whole hummocky sandstone into the 
underlying bioturbated zone. Lower Permian, Rio Bonito Formation, Mina de Irul, southern Brazil. Core width is 7 cm. See Buatois et al. (2007b). 



Ophiomorpha tend to be more abundant towards the proximal 
edge of the lower shoreface. Ichnofabrics from weakly affected 
lower shorefaces typically display complex tiering structures, 
revealing finely tuned, climax communities displaying verti- 
cal niche partitioning (Buatois et al., 2003). A transition from 
the Cruziana to the Skolithos ichnofacies is coincident with 
the lower to middle shoreface transition in this type of shore- 
face. An archetypal Cruziana ichnofacies characterizes weakly 
affected lower-shoreface deposits. 

The moderately storm-affected shorefaces (intermediate 
energy) show an alternation of laminated storm beds and bio- 
turbated fair-weather deposits, resulting in the so-called “lam- 
scram” pattern (Howard, 1978; MacEachern and Pemberton, 
1992) (see Section 6.1.5). These deposits commonly display the 



alternation of elements of the Skolithos ichnofacies as opportun- 
istic pioneers colonizing sandstone tempestites and the Cruziana 
ichnofacies recording the activity of the fair-weather resident 
community (e.g. MacEachern and Pemberton, 1992; Buatois 
et al., 2007b) (Fig. 7.9a-e). The laminated storm beds either are 
totally unburrowed or contain a few deeply penetrating burrows 
(e.g. Ophiomorpha, Diplocraterion, and Skolithos). The fair- 
weather deposits are moderately to strongly bioturbated, and 
contain Asterosoma, Helminthopsis, Planolites, Palaeophycus, 
Rhizocorallium, and Thalassinoides, among other ichnotaxa. 
Escape trace fossils are locally present. Tiering structure is 
less developed than in the weakly affected lower shorefaces. 
Moderately storm-affected lower-shoreface deposits display an 
alternation of the Skolithos and proximal Cruziana ichnofacies. 
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Figure 7.10 Ichnofaunas from strongly storm-dominated lower/middle 
shoreface deposits (high energy), (a) Skolithos linearis forming a pipe 
rock. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa 
Rosita Formation, Quebrada Casa Colorada, Alfarcito Range, north- 
west Argentina. Lens cap is 5.5 cm. See Mangano et al. (2005a). (b) 
Opbiomorpha nodosa in hummocky cross-stratified sandstone. Lower 
Miocene, Capiricual Formation, El Anfiteatro, Serrania del Interior, 
Eastern Venezuela. Lens cap is 5.5 cm. (c) Escape trace fossils in amal- 
gamated hummocky cross-stratified sandstone. Lower Permian, San 
Miguel Formation, Mallorquin #1 well, Paraguay. Core width is 8 cm. 



7.1.6 OFFSHORE TRANSITION 

The offshore transition occurs immediately below the fair- 
weather wave base (Pemberton et ah, 2001). Environmental con- 
ditions in the offshore transition are more variable, and reflect 
the alternation of high-energy storm events and low-energy fair- 
weather mudstone deposition. Accordingly, offshore-transition 
deposits consist of regularly interbedded, parallel-laminated to 
burrowed mudstone, and thin to thick erosive-based, fine- to 
very fine-grained sandstone with hummocky cross-stratification, 
and combined-flow and wave ripples at the top (Fig. 7.11a). 
Gutter casts, flute casts, tool marks, and load casts may occur at 
the base of sandstone beds (e.g. Myrow, 1992; Mangano et al., 
2005a). Sandstone beds are laterally extensive, but commonly 
display important thickness variation. 

The storm-related Skolithos trace-fossil suite is present in the 
offshore transition, but alternates with the fair-weather suite 
illustrating an archetypal Cruziana ichnofacies (MacEachern and 
Pemberton, 1992; Pemberton et al., 2001). Although the degree 
of bioturbation is somewhat lower than in offshore deposits, 
some hummocky sandstone may have intensely bioturbated tops 
(e.g. Mangano et al., 2005a) (Fig. 7.11b-c). These sandstone 
tops are palimpsest surfaces, recording a storm-related assem- 
blage overprinted by the subsequent fair-weather assemblage. If 
the frequency and intensity of storms is low to moderate, the 
mudstone intervals will be thoroughly bioturbated. The resi- 
dent biota is represented by a wide variety of ichnotaxa, such as 
Cruziana, Rusophycus, Dimorphichnus, Diplichnites (Fig. 7.1 Id), 
Gyrophyllites (Fig. 7.11b), Arthrophycus, Scolicia (Fig. 7. lie), 
Cylindrichnus, Rosselia (Fig. 7.11f-g), Phycosiphon (Fig. 
7.11a), Lockeia, Protovirgularia, Siphonichnus, Teichichnus (Fig. 
7.111), Phycodes, Asterosoma, Schaubcylindrichnus, Taenidium, 
Helicodromites, Rhizocorallium, Thalassinoides (Fig. 7.1 Ih), 
Chondrites (Fig. 7.11h), Palaeophycus (Fig. 7.11f-g), Planolites 
(Fig. 7.111), and Nereites (Fig. 7. 1 li). The colonizers are recorded 
by a few ichnotaxa, mostly Skolithos, Ophiomorpha, and 
Arenicolites (Fig. 7. Ilf). Escape trace fossils are also present. 



The strongly storm-dominated shorefaces (high energy) 
commonly consist of amalgamated hummocky sandstone 
showing little or no bioturbation (Fig. 7.10a-c). High-energy 
conditions prevailed, commonly precluding the preservation of 
biogenic structures. Only the deepest components of the post- 
storm Skolithos ichnofacies (e.g. Skolithos and Ophiomorpha) 
are present. Shallow- to mid-tier biogenic structures were most 
likely removed by erosion due to deep scouring. Repeated 
storm-wave erosion either precluded the establishment of fair- 
weather suites, or limited their preservation in these high-en- 
ergy settings (MacEachern and Pemberton 1992; Pemberton 
and MacEachern 1997; Buatois et al., 2007b; Mangano et al., 
2005a). The absence of fair-weather suites in strongly storm- 
dominated shorefaces precludes distinction between the mid- 
dle and the lower shoreface based on ichnological aspects 
(MacEachern and Pemberton 1992). 



7.1.7 UPPER OFFSHORE 

The upper offshore occurs between the offshore transition and 
the lower offshore. As in the offshore transition, the upper off- 
shore is subjected to the alternation of high-energy, short-term 
storm events and longer periods of suspension fallout during 
fair-weather. Compared with the lower offshore and offshore 
transition, upper-offshore deposits are commonly the most 
variable. Due to its bathymetric position, the upper offshore 
experiences a lesser degree of storm-wave influence than the 
offshore transition. Upper-offshore deposits consist of bioturb- 
ated mudstone intervals interbedded with thin, laterally exten- 
sive, erosionally based, very fine-grained silty sandstone layers 
with parallel lamination, combined-flow ripples, and wave rip- 
ples (Fig. 7.12a). Thin beds with micro-hummocky cross-strati- 
fication, hummocky cross-stratification, and planar lamination 
may occur. 




Figure 7.11 Ichnofaunas from offshore-transition deposits, (a) General outcrop view of offshore-transition deposits showing regular intercalation of 
very fine-grained hiumnocky cross-stratified sandstone and mudstone. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, 
Quebrada de Moya, northwest Argentina. Length of hammer is 33.5 cm. See Mangano et al. (2005a). (b) Close-up of the top of a hummocky cross-stratified 
sandstone, displaying high density of the radial feeding trace fossil Gyrophyllites isp. (arrows). Upper Cambrian-Lower Ordovician, Humacha Member, Santa 
Rosita Formation, Quebrada de Humacha, near Huacalera, northwest Argentina. Coin (upper center) is 1.8 cm. See Mangano et al. (2005a). (c) Bedding- 
plane view of intensely bioturbated very fine-grained sandstone tempestite with high-density circular cross-sections of SkoKthos linearis. Upper Cambrian- 
Lower Ordovician, Alfarcito Member, Santa Rosita Formation, Arroyo Pintado, northwest Argentina. Lens cap is 5.5 cm. See Mangano et a!. (2005a). (d) 
Diplichnites isp. at the top of a hummocky cross-stratified sandstone. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, 
Arroyo Pintado, northwest Argentina. Scale bar is 2 cm. See Mangano et al. (2005a). (e) Fair-weather deposits containing Scolicia isp. Upper Cretaceous, 
Panther Tongue Member, Star Point Formation, Kennilworth Wash, Book Cliffs, Utah, United States. Scale bar is 2 cm. See Bhattacharya et al. (2007). 

(f) Offshore-transition deposits showing alternation of fair-weather mudstone and thin- to moderately thick-bedded very fine-grained sandstone tem- 
pestites. Ichnofauna represented by Ro.tselia isp. (Ro), Arenicolites isp. (Ar), Teichichnus rectus (Te), Palaeophycus isp. (Pa), Planolites isp. (PI), and 
Phyco.siphon incertum (PH). Lower Permian, Rio Bonito Formation, Mina de Irui, southern Brazil. Core width is 7 cm. See Buatois et al. (2007b). 

(g) Interbedded fair-weather mudstones and discrete layers of very fine-grained sandstone tempestites. Note small Ros.selia isp. (Ro) in sand- 
stone layer, and abundant Palaeophycus isp. (Pa) and Planolites montanus (PI) in fair-weather deposits. Upper Permian, San Miguel Formation, 
Mallorquin # 1 core, Paraguay. Core width is 8 cm. (h) Partially preserved storm sandstone layer interbedded with intensely bioturbated depos- 
its with Thalassinoides isp. (Th), Chondrites isp. (CH), Phycosiphon incertum (Ph) and Palaeophycus isp. (Pd). In some cases. Chondrites is rework- 
ing Thala.ssinoides burrow fills. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. 
(i) Intensely bioturbated offshore-transition deposits showing diffuse layers of very fine-grained sandstone emplaced by storms interbedded with fair-weather 
mudstone. Sandstone is dominated by Nereites missouriensis (Ne). A.stero.soma isp. (A.s) tends to be more common in fair-weather deposits. Upper Devonian- 
Lower Mississippian Bakken Formation, southeastern Saskatchewan, central Canada. Core width is 7 cm. See Angulo and Buatois (2009, 2010). 




Figure 7.12 Ichnofaunas from upper-offshore deposits, (a) General outcrop view of upper-oftshore deposits showing thinly bedded mudstone and very 
fine-grained sandstone with combined-flow and oscillatory ripples. The ichnofabric is dominated by Trichophycus venosus (arrows). Lower Ordovician, 
Rupasca Member, Santa Rosita Formation, Angosto del Ferrocarril, Chucalezna, northwest Argentina. Lens cap is 5.5 cm. See Mangano and Buatois 
(2011). (b) Close-up of base of a sandstone tempestite, displaying high density of Cruziana semiplicata cross-cut by Palaeophycus tuhularis. Upper 
Cambrian, Lampazar Formation, Angosto del Moreno, northwest Argentina. Scale bar is 1 cm. See Mangano and Buatois (2003a). (c) Arenicolites 
isp. colonizing a very-fine grained sandstone tempestite. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, Quebrada 
del Arenal, near Fluacalera, northwest Argentina. Lens cap is 5.5 cm. See Mangano and Buatois (2003a). (d) Base of a sandstone tempestite, display- 
ing abundant Rusophycus moyensis. Upper Cambrian-Lower Ordovician, Alfarcito Member, Santa Rosita Formation, Quebrada de Moya, northwest 
Argentina. Scale bar is 1 cm. See Mangano el al. (2002c). (e) Moderately bioturbated fair-weather offshore-transition deposits intercalated with dis- 
crete very fine-grained sandstone layers emplaced by storms displaying sparse bioturbation by Teichichnus rectus (Te). Overall moderate bioturbation 
degree and presence of discrete storm layers suggest relatively high frequency and intensity of storms. Upper Devonian-Lower Mississippian, Bakken 
Formation, southeastern Saskatchewan, central Canada. Core width is 7 cm. See Angulo and Buatois (2010). (t) Intensely bioturbated fair-weather 
deposits showing diffuse layers of very fine-grained storm sandstone. Sandstone is dominated by Nereites missouriensis (Ne). Asterosoma (As) isp. tends 
to be more common in fair-weather deposits, while Teichichnus rectus (Te) occurs in both fair-weather and storm deposits. Overall high bioturbation 
degree and presence of diffuse storm layers suggest relatively low frequency and intensity of storms. Upper Devonian-Lower Mississipian, Bakken 
Formation, southeastern Saskatchewan, central Canada. Core width is 7 cm. See Angulo and Buatois (2009, 2010). (g) Partially preserved storm sand- 
stone layer interbedded with intensely bioturbated deposits having Asterosoma isp. (As), Phycosiphon incertum (Ph) and Teichichnus rectus (Te). Middle 
Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. 
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Upper-offshore deposits display the alternation of the resi- 
dent fair-weather and storm-related colonization trace-fossil 
suites. The fair-weather suite commonly reaches a diversity 
maximum in the upper offshore, and represents the archetypal 
Cruziana ichnofacies (MacEachern and Pemberton, 1992; 
Pemberton et al., 2001) (Fig. 7.12b,d,f-g). This ichnofacies is 
represented by a wide variety of morphological patterns and 
ethological groups. Its composition tends to be similar to that 
of the offshore transition. The fair-weather mudstone is com- 
monly completely bioturbated, and the sandstone tempestites 
may be moderately to intensely bioturbated. In the case of 
weakly storm-affected settings, bioturbation is intense, and thin 
storm layers may be completely homogenized or only recorded 
by remnant lamination (MacEachern and Pemberton, 1992; 
Pemberton et ah, 2001) (Fig. 7.12f-g). Under greater intensity 
and frequency of storms, the degree of bioturbation in both 
fair-weather and event deposits may be lower (Fig. 7.12e). The 
less-erosive nature of these more distally emplaced tempestites 
coupled with the overall lower energy of the upper offshore 
favor development and preservation of the fair-weather suite 
(Mangano et al., 2005a). The storm-related suite is less distinct- 
ive, with some sandstone beds recording small and dispersed 
vertical burrows, most commonly Skolithos, Arenicolites (Fig. 
7,12e), and Ophiomorpha. 

7.1.8 LOWER OFFSHORE 

The lower offshore occurs immediately above the storm wave 
base (MacEachern et al., 1999a; Pemberton et al., 2001). 
Suspension fallout is the dominant process and, therefore, 
lower-offshore deposits are mudstone-dominated. However, 
because sedimentation occurs above the storm wave base, 
bioturbated mudstone background deposits are locally punc- 
tuated by laterally extensive, sharp-based, erosive storm-em- 
placed, very fine-grained silty sandstone with combined-flow 
ripples and parallel lamination. 

Bioturbation is commonly very intense in lower-offshore 
deposits (Fig. 7.13). Background mudstone is thoroughly bio- 
turbated, while bioturbation patterns in the associated distal 
tempestites are more variable. Thin tempestites are commonly 
represented by remnant lamination, while thick sandstone 
beds show better preservation of the primary fabric, and trace 
fossils are commonly restricted to the top (Pemberton et ah, 
2001). The storm-related trace-fossil assemblage is commonly 
poorly developed and the fair-weather assemblage represents 
the distal Cruziana ichnofacies (MacEachern et al., 1999a; 
Pemberton et al., 2001). Typical components are Phycosiphon 
(Fig. 7.13a-f), Helminthopsis, Nereites (commonly N. missou- 
riensis). Chondrites (Fig. 7.13e, and f), Zoophycos (Fig. 7.13g), 
Planolites (Fig. 7.13f), Teichichnus (Fig. 7.13e), Palaeophycus, 
Asterosoma (Fig. 7.13f), Scolicia, Schauhcylindrichnus (Fig. 
7.13a-b and d) and Thalassinoides (Fig. 7.13c). The tiering 
structure is commonly complex, displaying multiple ichnogu- 
ilds. Although the degree of bioturbation and ichnodiversity 
are typically high, more impoverished suites may be present 
under oxygen-depleted conditions (Mangano et al., 2005a). In 



addition, the scarcity of sandstone interbeds may have inhibited 
preservation and visibility of biogenic structures in the field. 

7.1.9 SHELF 

The shelf extends from the storm wave base to the slope break. 
Therefore, suspension-fallout sedimentation is the dominant 
process and bioturbated mudstone is the typical facies. Locally, 
thin normally graded siltstone layers, representing storm-in- 
duced turbidites, may occur. 

Shelf deposits are typically pervasively bioturbated, and 
feeding and grazing traces of deposit feeders dominate, illus- 
trating the Zoophycos ichnofacies (MacEachern et al., 1999a; 
Pemberton et al., 2001). Typical components are Zoophycos, 
Chondrites, and Phycosiphon. Trichichnus and Planolites may 
also be present. Ichnofabrics tend to be dominated by deep-tier 
structures that commonly obliterate shallowly emplaced biogenic 
structures. However, under certain conditions, the shelf may lie 
within the oxygen minimum zone and, therefore, deposits may 
be scarcely bioturbated or even totally unburrowed. In the latter 
case, parallel laminated black shales represent the typical facies 
(e.g. Buatois et al., 2006a; Angulo and Buatois, 2009). 

7.2 TIDE-DOMINATED SHALLOW MARINE 



Our present knowledge of the ichnology of tidal depositional 
systems lags behind that of wave-dominated environments. 
However, a number of contributions have outlined some of the 
most relevant characteristics of ichnofaunas from tidal-flat, 
subtidal-sandbar complexes and tidal dunes (e.g. Mangano 
and Buatois, 1999b; Mangano et al., 2002a; Desjardins et al, 
2010a). While wave-dominated systems display a clear onshore- 
offshore trend in energy conditions (see Section 7.1), the energy 
gradient in tide-dominated shallow-marine environments is not 
straightforward (Yoshida et al, 2007). 

Despite all these complexities, Klein (1971, 1977) proposed a 
facies model for tide-dominated shorelines based on the integra- 
tion of observations from modern and ancient deposits. In this 
model, tide-dominated shorelines are subdivided into a supratidal 
region, the upper-, middle-, and lower intertidal zones, and the 
subtidal area (see summary in Dalrymple, 1992). Within this set- 
ting, tidal energy increases seaward reaching a maximum in the 
proximal-subtidal zone and then decreases towards the distal shelf 
Accordingly, tidal flats in general coarsen seaward, in contrast to 
wave-dominated shorelines that coarsen landward. Therefore, a 
typical tidal-flat profile in a landward direction comprises a lower- 
intertidal sand flat, a middle-intertidal mixed (sand and mud) flat, 
and an upper-intertidal mud flat. As a result, many tide-dominated 
shorelines are represented by muddy coasts (Wang et al, 2002). 
Landward of the mud flat, supratidal salt marshes are typically 
present under temperate conditions, while mangroves may occur 
in tropical to subtropical settings (see Section 8.1.2). The subtidal 
zone is present seaward of the sand flat. 

The intertidal zone represents a harsh ecosystem where 
marine organisms often approach the survival boundaries of 




Figure 7.13 Ichnofaunas from lower-offshore deposits, (a) Bedding-plane surface view of intensely bioturbated deposits containing Phycosipbon incer- 
tum (Ph), Zoophycos isp. (Zo), and Schauhcylindrictmus freyi (Sc). Lower Pliocene, Lacui Formation, Punta Pirulil, Chiloe Island, southern Chile. Scale 
bar is 1 cm. (b) Close-up showing Phycosipbon incertum (Pb) and Schaubcylindrichnus freyi (&). Lower Pliocene, Lacui Formation, Punta Pirulil, Chiloe 
Island, southern Chile. Scale bar is 1 cm. (c) Thalassinoides isp. reworked by Phycosipbon incertum. Lower Pliocene, Lacui Formation, Punta Pirulil, 
Chiloe Island, southern Chile. Scale bar is 1 cm. (d) Close-up of intensely bioturbated deposits with Phycosipbon incertum (Ph), Zoophycos isp. (Zo), 
and Schaubcylindrichnus freyi (Sc). Lower Pliocene, Lacui Formation, Punta Pirulil, Chiloe Island, southern Chile. Scale bar is 1 cm. (e) Evenly distrib- 
uted Phycosipbon (Ph) cross-cut by Chondrites (Ch) and Teichicbnus (Te). Note longitudinal view of Teichichnus spreiten that may be confused with pri- 
mary sedimentary lamination. Upper Cretaceous, Magallanes Formation, Estancia Agua Fresca area. Austral Basin, southern Patagonia, Argentina. 
Core width is 10 cm. See Buatois et al. (201 1). (f) Intensely bioturbated deposits dominated by distinctive deep-tier Chondrites isp. (Ch). Shallow-tier 
Asterosoma isp. (^5), Phycosipbon incertum (Ph), and Planolites isp. (PI) form the background ichnofabric. Middle Jurassic, Plover Formation, Sunrise 
and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. (g) Deep-tier Zoophycos isp. overprinted on a background ichnofabric. 
Lower Cretaceous, Muderong Shale Formation, Pluto Field, Carnavon Basin, offshore northwestern Australia. Core width is 10 cm. 
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their tolerance range to environmental extremes. Only a very 
few species are able to inhabit the entire tidal range (Reise, 
1985). Zonational distribution of organisms is, therefore, the 
rule. Accordingly, different animal communities live in differ- 
ent areas within the tidal flat, where various environmental 
parameters differ substantially. Although tidal flats are primar- 
ily a marine habitat, they are subject to the extremes of terres- 
trial climate, heating, frost, desiccation, and rain (Reise, 1985). 
Temperature, time of exposure to subaerial conditions, salinity, 
hydrodynamic energy, and substrate are effective limiting fac- 
tors. In the upper-intertidal zone, environmental conditions are 
not only more extreme; high temporal instability and unpredict- 
ability resulting in a decrease in species diversity are the norm. 
Physical factors, such as heating, frost, and water loss, play a 
crucial role in benthic communities. In general, biological diver- 
sity and biomass decrease toward the level of high tide (Newell, 
1979; Reise, 1985). Although primary production by benthic 
microalgae increases in a landward direction, benthic consum- 
ers do not show a corresponding increase, most likely due to the 
difficulties for marine organisms to adapt to prolonged low-tide 
emersion (Reise, 1985). 

Periodic emersions and submersions of the intertidal zone 
are matched by periodic fluctuations in salinity. In addition, 
seasonal rains and drainage from the continent strongly control 
the salinity and position of the water table. Changes in salin- 
ity, together with subaerial exposure and temperature, are more 
drastic in the upper-intertidal area, diminishing towards the 
lower-intertidal zone (Newell, 1979; Reise, 1985). In general, 
euryhaline species tend to be more abundant in the upper-inter- 
tidal zone (Newell, 1979). Complex hydrological conditions of 
the tidal flat promote particular behavioral strategies for protec- 
tion, such as infaunalization. Inhabiting a burrow or temporary 
refuge in the sediment is an effective strategy in avoiding salinity 
variations (see Section 6.1.4). In low-energy settings, close to 
the low-water mark, surface salinity changes have little effect 
on the salinity of interstitial water below a depth of about 2 cm 
(Sanders et al., 1965; Johnson, 1967). 

Many organisms of the intertidal zone have developed bio- 
logical rhythms (e.g. circa-tidal and circa-semilunar rhythms) 
of vertical or horizontal migration controlled by tide cyclicity 
(Palmer, 1995). Many species (e.g. the modern crab Sesarma 
reticulatum) hide in their burrows during low tide and are active 
during high tide (Palmer, 1967, 1995; Seiple, 1981). Horizontal 
migration is another strategy to minimize the dramatic salin- 
ity shifts in the upper-intertidal zone. For example, the mod- 
ern predator isopod Eurydice pulchra lives buried in the sand 
flat during emersion, but rises into the water column with 
flood tides to swim at the water’s edge and feed on epifauna, 
infauna, and debris. Subsequently, it retreats seaward with ebb 
tide and reburies itself for protection (Warman et ah, 1991). 
Marine invertebrate surface activity on the tidal flat tends to 
be more intense during high tide (Vader, 1964; Piehkowski, 
1983). In contrast, many semi-terrestrial and terrestrial ani- 
mals (e.g. terrestrial crabs and the modern intertidal beetle 
Thalassotrechus barbarae) typically display a peak of activity 
during low-tide emersions (Palmer, 1995). Other adaptations 



to stressful salinity conditions involve protection by organic 
substances (e.g. mucus) and osmoregulation (Kinne, 1964). 
Some animals combine several strategies for better protection. 
For example, the modern Corophium is a good osmoregulator 
and a well-known borrower that can tolerate salinities between 
2%o and 47%o. 

In contrast to the more stressful conditions of the upper-inter- 
tidal zone, lower-intertidal invertebrate communities resemble 
contiguous communities that inhabit environments below the 
fair-weather wave base (Schafer, 1972; Reise, 1985; Swinbanks 
and Murray, 1981). The higher predictability of the middle- to 
lower-intertidal zones results in high species diversity contain- 
ing species that are particularly adapted to utilize the resources 
of specific microhabitats (Sanders, 1968, 1969; Slobodkin and 
Sanders, 1969). 

An integrated ichnological and sedimentological model has 
been proposed for tidal flats and related settings (Mangano 
and Buatois, 2004a) (Figs. 7.14 and 7.15) (Box 7.2). This model 
attempts to address patterns of distribution of biogenic structures 
in tide-dominated shorelines which, albeit sheltered, developed 
under fully or near-fully marine salinity conditions. Therefore, 
the model does not address ichnofaunas from tidal flats formed 
in more restricted, marginal-marine settings, such as estuaries 
or interdistributary bays, which are typically of lower diversity 
in brackish-water environments or contain freshwater trace fos- 
sils in the case of fluvio-estuarine transitions (see Chapter 8). 
Although the early observations were based on Paleozoic out- 
crops (Mangano and Buatois, 1999b; Mangano et al, 2002a), the 
model was subsequently expanded to encompass the rest of the 
Phanerozoic (Mangano and Buatois, 2004a). 

The ichnofacies gradient in tide-dominated shorelines is 
opposite to that in wave-dominated shoreface environments. As 
overall tidal energy increases from supratidal to subtidal set- 
tings, the Skolithos ichnofacies tends to occur seaward of the 
Cruziana ichnofacies (Mangano et al, 2002a). This shoreward 
decrease of energy parallels a decrease in oxygenation, sand con- 
tent, amount of organic particles in suspension, and mobility of 
the substrate. This gradient is consistent with information from 
modern tide-dominated environments, where the highest faunal 
diversity is present around mid-tide level (Beukema, 1976). In 
fact, similar ichnological trends have been detected in modern 
tidal flats (Bajard, 1966; Howard and Dorjes, 1972; Swinbanks 
and Murray, 1981; Ghare and Badve, 1984; Gerdes et al, 1985; 
Frey et al, 1987a, b; Aitken et ah, 1988; Larsonneur, 1994). For 
example, Swinbanks and Murray (1981) recognized five zones 
in the tidal flats of British Columbia, each characterized by 
different associations of biogenic structures. Similar zonations 
have been established in tidal flats of South Korea (Frey et al, 
1987a, b) (Box 7.3). 

7.2.1 SUPRATIDAL MARSH AND MANGROVES 

The supratidal area may be vegetated forming salt marshes 
or mangroves, depending on the predominant climatic condi- 
tions (see Section 8.1.2). Sporadically the supratidal zone may 
be affected by storm surges (Wang et al, 2002). In supratidal 
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Figure 7.14 Ichnological and sedimentological aspects along a tide-dominated depositional profile. High intensity of bioturbation in supratidal 
areas is due to plant root traces. Irregular pattern of intensity of bioturbation in the tidal flat reflects spatial heterogeneity. Distribution of ichno- 
facies and depositional processes based on Mangano and Buatois (1999b, 2004a). 



Box 7.3 Ichnology of modern tidal flats in South Korea 

Extensive macrotidal flats near the mouth of the Yellow River, in South Korea, span from the shore to approximately 4 km 
seaward. Analysis of biogenic structures across these low-energy tidal flats allows recognition of ichnofaunal gradients across 
a tide-dominated depositional profile. Three different ichnocoenosis (brachyuran, molluscan, and holothurian assemblages) 
have been distinguished. The brachyuran ichnocoenose occurs from 0 to 900 m from the shore, in the muddiest, most land- 
ward reaches of the tidal flat. It is dominated by dwelling, locomotion, and grazing traces of crabs, with secondary presence of 
gastropod locomotion traces and polychaete dwelling traces. The molluscan ichnocoenose is present from 900 to 2100 m from 
the shore, in mid-flat deposits consisting of sandy and clayey silt. It is dominated by dwelling traces of bivalves and locomotion 
traces of gastropods, with subordinate occurrences of dwelling traces of polychaetes and grazing and locomotion traces of 
crabs. The holothurian ichnocoenose is present from 2100 to more than 3900 m from the shore, corresponding to the sandiest, 
most seaward end of the tidal flat. This ichnocoenose is dominated by feeding and grazing traces of synaptid holothurians; 
gastropod locomotion traces and bivalve dwelling structures are also present. All the ichnocoenoses belong to the Cruziana 
ichnofacies, demonstrating the presence of this archetypal association in tidal flats. 

Reference: Frey et al. (1987a, b). 



deposits, the sedimentary fabric is commonly obliterated by 
root traces. The cordgrass Spartina is by far the most wide- 
spread plant in many supratidal marsh settings, and its root 
traces are pervasive (e.g. Edwards and Frey, 1977; Basan and 
Frey, 1977; Pomeroy et al., 1981; Montague et ah, 1981). 
In mangroves, root networks of Avicennia, Rhizopora, and 
Sonneratia are extremely widespread (Cadee, 1998). Animal 
traces include elements of the Psilonichnus ichnofacies (Frey 
and Pemberton, 1987). Gastropods and crustaceans (mainly 



crabs) are among the most important marine representatives. 
The supratidal zone grades landwards into a wide variety of 
terrestrial environments characterized by different trace-fos- 
sil assemblages that are mostly included in the Scoyenia and 
Coprinisphaera ichnofacies, being insects the most import- 
ant tracemakers (Buatois and Mangano, 1995b; Genise et al., 
2000) (see Section 7.1.1). Vertebrates, mostly mammals, rep- 
tiles and birds, also produce a wide variety of structures (Frey 
and Pemberton, 1986). 
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Figure 7.15 Schematic reconstruction of trace-fossil distribution in tide-dominated shallow-marine environments. The supratidal marsh may be intensely 
bioturbated by root traces (Rt). Psilonichnus (Ps) may be present also. Deposit-feeder traces, such as Planolites (PI), Psammichnites (Ps), Cruziana (Cr), 
Pwtovirgularia (Pr), and Lockeia (Lo) tend to dominate in the mud flat. The mixed flat is similar to the mud flat, but other ichnotaxa may be added mostly 
along mudstone-sandstone interfaces, including Rusophycus (Ru), Palaeophycus (Pa), and Bergaueria (Be). The sand flat is highly variable depending on 
the tidal regime. Ophiomorpha (Op), Arenicolites (Ar), Diplocraterion (Di), Skolithos (Sk), and Planolites (PI) are common. Associated intertidal channel 
deposits are less bioturbated and display less ichnodiversity, Planolites (PI), Gyrolithes (Gy), and Skolithos (Sk) being common forms. ShaUow-subtidal sand- 
bodies typically contain vertical burrows, such as Ophiomorpha (Op), Diplocraterion (Di), and Arenicolites (Ar). These sandbodies tend to grade seaward into 
fine-grained offshore deposits containing diverse ichnofaunas. Typical components are Arenicolites (Ar), Bergaueria (Be), Planolites (PI), Curvolithus (Cu), 
Protovirgularia (Pr), Lockeia (Lo), Phycodes (Pc), Thalassinoides (Th), Rhizocorallium (Rh), Ro.s.selia (Ro), Teichichnus (Te), and Phycosiphon (Ph). 



7.2.2 MUD FLAT 

The upper zones of the tidal flat, referred to as the mud flat, 
are dominated by deposition of fine-grained suspended sedi- 
ment. Mud deposition is also promoted by clay flocculation 
and biodeposition in the form of the production of fecal pel- 
lets and pseudofeces (de Boer, 1998; Augustinus, 2002; Potter 
et al., 2005). Mud-flat deposits consist of laminated or massive 
mudstone with rare siltstone and very fine-grained sandstone 
interbeds and interlaminae. Lenticular bedding is the domin- 
ant bedding style. Scarcity of sandstone layers commonly pre- 
cludes preservation of biogenic structures. Discrete trace fossils 
are relatively rare, and an indistinct mottled texture (most likely 
Planolites) is common instead. However, interface trace fossils 
of the Cruziana ichnofacies, such as Cruziana, Rusophycus, 
Psammichnites, Lockeia, and Protovirgularia, can be preserved 



in the sporadic sandstone intercalations (e.g. Mangano et al., 
2002a). These occurrences may record either a wide environ- 
mental range of the producers, or short-term incursions into 
this zone. High-density trace-fossil assemblages produced by 
vagile organisms most likely reflect landward migrations from 
the lower-intertidal zone, rather than upper-intertidal inhabit- 
ants (Mangano et al., 2002a). These migrations are probably 
regulated by tidal cyclicity in connection with the search for 
food. Also, simple grazing trails, such as Helminthopsis and 
Helminthoidichnites, may occur in connection with microbial 
mats. Vertebrate traekways are also common in tide-domi- 
nated shorelines, particularly in supratidal to upper-intertidal 
zones. Vertebrate trackway assemblages in tidal flats typically 
illustrate some of the ichnocoenoses of the Brontopodus and 
Batrachichnus ichnofacies (Hunt and Lucas, 2007). 
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Box 7.2 Ichnology of Lower to Middle Cambrian tide-dominated shallow-marine deposits of northwest Argentina 

The Campanario Formation of the upper Lower to Middle Cambrian Meson Group of northwest Argentina records 
deposition in tide-dominated shallow-marine environments characterized by extensive tidal-flat areas flanked seawards by 
subtidal-sandbar complexes. Shallow-subtidal and intertidal sand-flat deposits are dominated by vertical domiciles of sus- 
pension feeders and passive predators, such as Skolithos linearis, Arenicolites isp., and Diplocraterion parallelum, illustrating 
the Skolithos ichnofacies. Sand-flat deposits also contain high-density occurrences of the ichnogenus Syringomorpha, com- 
monly forming monospeciflc assemblages. Clusters of Rusopliycus leifeirikssoni are locally present. Although vertical burrows 
(Skolithos linearis, Syringomorpha nilssoni) are present in the mixed-flat facies, the dominant form is Rusophycus leifeirikssoni. 
Other ichnotaxa include Cruziana problematica, Rusophycus carbonarius, large Rusophycus isp., Diplichnites isp., Planolites 
isp., Palaeophycus tubularis, Helminthoidichnites tenuis, and Bergaueria cf B. perata. In contrast to the sand flat, the mixed 
flat is dominated by horizontal feeding, locomotion and resting trace fossils, recording a relatively low-diversity Cruziana 
ichnofacies. Trace fossils are rare in the mud-flat deposits, mostly represented by Planolites isp. and indistinct mottling. The 
six ichnoguilds (Cruziana problematica, Palaeophycus, Bergaueria, Rusophycus leifeirikssoni, Syringomorpha, and Skolithos) 
defined show a preferential palaeoenvironmental distribution following proximal-distal trends (Fig. 7.16). Although there is 
some superimposition, deep-tier ichnoguilds tend to occur in the higher-energy, seaward distal portions (i.e. shallow-subtidal 
to intertidal transition and sand flat). Middle- and shallow-tier ichnoguilds are dominant in the moderate- to low-energy, 
proximal regions (i.e. mixed flat). This resultant pattern of distribution of biogenic structures is shaped by the interplay of key 
environmental parameters (hydrodynamic energy, substrate and food supply) overprinted by a strong taphonomic control. 

Reference: Mangano and Buatois (2004b). 
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Figure 7.16 Ichnological and sedimentological model of the Campanario Formation of the Lower to Middle Cambrian Meson Group of northwest 
Argentina (after Mangano and Buatois, 2004b). 
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Figure 7.17 Invertebrate ichnofaunas from mixed-flat deposits from the Lower to Middle Cambrian Campanario Formation of the Meson Group. 
See Mangano and Buatois (2004b). (a) Bedding plane view (top) of a cluster of Rusophycus leifeirikssoni in mixed-flat deposits. Angosto del Morro de 
Chucalezna, Quebrada de Huamahuaca, northwest Argentina. Length of hammer is 33.5 cm. (b) Cross-section view of Rusophycus leifeirikssoni (Ru) 
in mixed-flat deposits. Note associated synaeresis cracks (Sc). Angosto del Morro de Chucalezna, Quebrada de Huamahuaca, northwest Argentina. 
Coin is 2.3 cm. 



7.2.3 MIXED FLAT 

Middle-intertidal areas (mixed flat) are typified by sedimen- 
tation from traction alternating with fallout from suspension. 
Deposits consist of thinly interbedded wave- and current-rip- 
ple cross-laminated very fine-grained sandstone and massive 
or parallel-laminated mudstone. Heterolithic bedding is typ- 
ical, mostly represented by flaser and wavy bedding. Wrinkle 
marks associated with relict troughs are locally common (e.g. 
Mangano et ai, 2002a). Flat-topped ripples and washout struc- 
tures may occur. Elements of the Cruziana ichnofacies are 
characteristic of the mixed flat (Fig. 7.17a-b). Alternation of 
sandstone and mudstone layers enhances preservation of hori- 
zontal interface traces, such as those that typify the Cruziana 
ichnofacies. Common components are Cruziana, Rusophycus, 
Psammichnites, Protovirgularia, Lockeia, Palaeophycus, 
Planolites, Helminthopsis, Helminthoidichnites, and Bergaueria. 
Clusters of Rusophycus are common in lower Paleozoic tid- 
al-flat deposits (Mangano and Buatois, 2004b) (Fig. 7,17a). 
Vertebrate trackways are commonly preserved in sandy layers 
of the middle-intertidal zone. Mesozoic examples include spec- 
tacular dinosaur tracks, commonly forming megatracksites (e.g. 
Lockley et al., 1992; Avanzini et al., 2006) (Fig. 7.18a-d). 

7.2.4 SAND FLAT 

Sedimentation in the lower zones of the tidal flat, referred to 
as the sand flat, is dominated by bedload traction of sand- 
sized sediment. As is the case of the lower shoreface in wave- 
dominated shorelines (MacEachern and Pemberton, 1992), 
the sand flat is the most variable intertidal zone in terms of 
both sedimentary facies and trace-fossil content. Whereas the 
character of deposits in the lower shoreface mostly depends 
on the intensity and frequency of storms (see Section 7.1.5), 
those of the lower tidal flat are essentially controlled by the 
intensity of tidal currents (Mangano and Buatois, 2004a). 



Macrotidal and megatidal regimes are characterized by high 
current speeds and, therefore, migration of large-scale bedforms 
(i.e. two-dimensional and three-dimensional dunes) is the dom- 
inant process (Dalrymple, 1992; Dalrymple and Rhodes, 1995; 
Boyd et al., 2006). Deposits consist of thick-bedded, through 
and planar cross-bedded eoarse- to fine-grained sandstone. 
Medium- to very fine-grained sandstone with upper-flow regime 
horizontal planar parallel lamination and rare current ripples 
also occurs in macrotidal and megatidal regimes (Dalrymple 
et al., 1990; Dalrymple, 1992; Dalrymple and Choi, 2007). 
Under macrotidal and megatidal conditions, the lower-intertidal 
zone is very difficult to distinguish from subtidal areas. Fligh 
energy and rapidly migrating bedforms generally preclude the 
establishment of a mobile epifauna and shallow infauna, inhib- 
iting development of the Cruziana ichnofacies. Bioturbation 
typically consists of vertical burrows of suspension feeders or 
passive predators, such as Skolithos (Fig. 7.19a), Ophiomorpha, 
Arenicolites (Fig. 7.19b), and Diplocraterion (Fig. 7.19c), rep- 
resenting the Skolithos ichnofacies. In Cambrian examples, the 
ichnogenus Syringomorpha may occur in high densities (Fig. 
7.19d). Assemblages reflect short-term colonization windows 
along reactivation surfaces (Pollard et al., 1993; Mangano et al., 
1996b; Mangano and Buatois, 2004b). If mud drapes formed 
during slack water are preserved, they may contain Planolites. 

Under tidal currents of lower intensity, the migrating bed- 
forms are small current ripples. Deposits consist of current- 
ripple cross-laminated fine- to very-fine grained sandstone. 
Flat-topped ripples, washout structures, and wrinkle marks 
are common. Low energy coupled with short periods of sub- 
aerial exposure allows development of a diverse resident fauna. 
As a result, these tidal flats contain high-diversity assem- 
blages of the Cruziana ichnofacies (Mangano et al., 2002a; 
Mangano and Buatois, 2004a). A wide variety of ethological 
groups and trophic types are represented. Common elements 
are Cruziana (Fig. 7.20a), Rusophycus, Asteriacites (Fig. 7.20a), 
Pentichnus, Psammichnites, Curvolithus (Fig. 7.20b), Nereites 
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Figure 7.18 Dinosaur tracks in tid- 
al-flat deposits. Lower Cretaceous, 
Dakota Group, Alameda Avenue, 
west of Denver, Colorado, United 
States, (a) General view of a sand- 
stone top with large ornithopod 
trackways (Caririclmium leonar- 
dii) and small theropod trackways 
(Magnoavipes loewi, arrowed). Scale 
bar is 50 cm. (b) The ornithopod 
trackway Caririclmium leonardii. 
Scale bar is 50 cm. (c) Close up of 
an ornithopod track (Caririclmium 
leonardii). Scale bar is 5 cm. (d) 
Close up of a theropod track 
(Magnoavipes loewi). Scale bar is 
5 cm. See Lockley (1987, 2001, 
2003) and Lockley et al. (2001). 



(Fig. 7.20c), Lockeia (Fig. 7.20d), Protovirgularia (Fig. 7.20e-t), 
Palaeophycus, and Planolites. 

7.2.5 TIDAL CHANNELS AND CREEKS 

Tidal-flat deposits are commonly dissected by a network of 
meandering tidal channels and creeks that migrate across 
the intertidal zone, producing lateral accretion in point bars 
(Reineek, 1958; Bridges and Leeder, 1976; Weimer et al., 1981; de 
Mowbray, 1983; Thomas et al, 1987; Dalrymple, 1992; Gingras 
et al, 1999b). This process results in the formation of inclined 
heterolithic stratification (Thomas et al., 1987). In the muddy 
upper-intertidal zones, channels are small to medium size, but in 



the lower sandy areas, they tend to coalesce forming wider and 
deeper channels (Dalrymple, 1992). The degree of bioturbation 
is lower in the point bars than in tidal flats, most likely reflecting 
higher rates of sedimentation along unstable channel margins (cf 
Gingras et al. 1999b; Mangano et al. 2002a) (see Section 8.1.2). 

7.2.6 SUBTIDAL SANDBARS AND TIDAL DUNES 

The subtidal zone of tide-dominated shallow-marine environ- 
ments is characterized by maximum energy with high-current 
velocities (Dalrymple, 1992). Large-scale bedforms, such as 
dunes and compound dunes, migrate across the subtidal areas, 
forming sandbars in the form of sheets and ridges. Deposits 
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Figure 7.19 Ichnofaunas from high-energy sand-flat deposits from the Lower to Middle Cambrian Campanario Formation of the Meson Group. See 
Mangano and Buatois (2004b). (a) Bedding-plane view of a high-density assemblage of Skolithos linearis (pipe rock) at a rippled sandstone surface. 
Angosto de Perchel, Quebrada de Fluamahuaca, northwest Argentina. Lens cap is 5.5 cm. (b) Deep Arenicolites isp. Angosto de Perchel, Quebrada 
de Huamahuaca, northwest Argentina. Lens cap is 5.5 cm. (c) General view of the top of a rippled sandstone showing high density of Diplocraterion 
parallelum. Note associated cracks. Quebrada de Moya, northwest Argentina. Coin is 1.8 cm. (d) Syringomorpha isp. pipe rock. Angosto del Morro 
de Chucalezna, Quebrada de Fluamahuaca, northwest Argentina. Lens cap is 5.5 cm. 



consist of erosionally based, laterally extensive, well-sorted, pla- 
nar to trough cross-stratified coarse- to fine-grained sandstone. 
Reactivation surfaces are common, while herringbone cross- 
stratification and mud drapes may be loeally present. In modern 
subtidal areas, few benthic species are able to survive in zones of 
actively migrating bedforms (Wilson, 1982, 1986). Aceordingly, 
faunal diversity inereases toward areas with smaller bedforms, 
and in the outer regions where dunes are replaced by small ripples 
and increasing amounts of mud. Studies of marine benthic ecol- 
ogy also show that suspension feeding is the dominant trophic 
type in high-energy subtidal environments (Wilson, 1982). 

As in the case of high-energy sand flats, vertical trace fossils 
of the Skolithos ichnoiacies, such 2 l& Arenicolites {Fig. 7.21a and 
d), Skolithos (Fig. 7.21b-d) and Diplocraterion, are dominant, 
commonly extending down into the sediment from reactivation 
surfaces (e.g. Pollard et al, 1993; Desjardins et al., 2010a). The 
ichnogenus Rosselia (Fig. 7.21d) may occur as a response to 
prolonged periods of sandbar inactivity and suspended mud in 
the water column (Desjardins etal., 2010a). Vertical burrows are 
preferentially preserved in high-energy subenvironments, while 
shallow-tier horizontal traces have low preservation potential, 
providing a biased picture of the ecology of subtidal sandbars 
and dunes (Desjardins et al., 2010a). Feeding and locomotion 
traces of deposit feeders, such as Teichichnus, Planolites, and 



Rusophycus, tend to be preserved in those deposits formed at 
the toe of the subtidal sandbar complex (Desjardins et al., 
2010a). Subtidal sandbars and tidal dunes grade seaward into 
lower-offshore or shelf muds, commonly characterized by the 
Cruziana or the Zoophycos ichnofaeies. 

7.3 MIXED TIDE- AND WAVE-INELUENCED 
SHORELINES 



While integrated sedimentological and ichnological models have 
been established for wave- and tide-dominated shorelines, our 
knowledge of intermediate eases in which both tides and waves 
influence deposition is much more limited. However, a growing 
literature on sedimentological aspects of modern mixed tide- 
and wave-influenced shorelines is beginning to accumulate (e.g. 
Short, 1991; Masselink and Short, 1993; Masselink and Hegge, 
1995; Anthony and Orford, 2002; Yang et al., 2005, 2006, 
2008a, b; Dashtgard et al., 2009, 2011). Still, no detailed ichno- 
logical accounts of these deposits have been produced and their 
recognition in the stratigraphic record remains a challenge. In 
addition, the distinction between tide- and wave-dominated sys- 
tems gets further complicated beeause many systems show sea- 
sonal alternations of wave and tidal dominanee. For example. 
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Figure 7.20 Ichnofaunas from 
low-energy sand-flat deposits in 
the Upper Carboniferous, Stull 
Shale of the Kanwaka Formation, 
Waverly fossil site, Kansas, cen- 
tral United States. See Mangano 
et at. (2002a). (a) Sandstone base 
showing Asteriacites lumbricatis 
displaying lateral repetition and 
high density of Cruziana prob- 
lematica. (b) Sandstone top with 
Curvolithus simplex, (c) Sandstone 
top with Nereites missouriensis. 
(d) Base of sandstone bed con- 
taining Lockeia siliquaria. Coin is 
1.8 cm. (e) Dense assemblage of 
Prolovirgularia rugosa and associ- 
ated resting traces (Lockeia isp.) on 
the upper surface of a sandstone 
bed. Note preservation as nega- 
tive epireliefs in Chevronichnus-like 
fashion, (f) Base of sandstone layer 
containing Protovirgularia bidirec- 
tionalis display V-shaped markings 
with opposite directions meeting at 
a central point. Note that the direc- 
tion of movement is from the center 
to the ends. All scale bars are 1 cm. 



Yang et al. (2005) documented modern coastlines that alternate 
between tide dominated during summer and wave dominated 
during winter. Mixed tide- and wave-influenced shorelines can 
be subdivided into wave-dominated tidal flats (i.e. open-coast 
tidal flats) and tidal beaches (i.e. tidally modulated shorefaces), 
with the latter showing increased influence of wave processes 
(Boyd et al., 1992; Yang et al., 2005; Dashtgard et al., 2009). In 
these mixed systems, storm sedimentation is tidally modulated 
(Yang et al., 2008a). 



7.3.1 WAVE-DOMINATED TIDAL ELATS 

Wave-dominated tidal flats have been mostly described from 
the central west coast of Korea, which is relatively straight and 
macrotidal (Yang et al., 2005, 2006, 2008a), in contrast to the 
typical tidal flats of the north and south west coast which occur 



in embayed coasts (Frey et al, 1987a, b). In contrast to classic, 
more sheltered tidal flats (see Section 7.2), wave-dominated tidal 
flats only locally display mud flats and salt marshes, and typic- 
ally fine seaward. The central west coast is tide dominated during 
summer and wave dominated during winter, with wind seasonal- 
ity controlled by a monsoonal regime (Yang et al, 2005). 

In the locally developed inner mud flat, thin storm sand units 
form during winter and early spring, while mud accumulates 
during summer and fall. Bioturbation during the summer and 
fall intensely affects mud-flat deposits, including the winter and 
spring sandy layer, displaying a lam-scram pattern, but ichno- 
diversity levels are low (Yang et ah, 2008a). The shallower part 
of the sand flat is dominated by ripple-cross lamination and 
low-angle inclined lamination during the winter. Mud drapes 
may form during slack water in the spring. Vertical burrows, 
such as Skolithos, Lingulichnus, and Siphonichnus, are dom- 
inant, locally displaying moderate bioturbation intensities; 
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Figure 7.21 Ichnofauiias from subtidal-sandbar deposits, (a) Arenicolites isp. penetrating a medium-grained sandstone interpreted as a subtidal-sandbar deposit. 
Middle Cambrian, Flathead Formation, Absaroka Range, northwest Wyoming, north-central United States. Lens cap is 5.5 cm. (b) Skolithos linearis penetrating 
from a colonization surface at the foreset of a sandbar. Lower Cambrian, Fort Mountain Formation, Gog Group, Mount Assiniboine, Canadian Rockies, west- 
ern Canada. Scale bar is 10 cm. See Desjardins et al. (2010a). (c) Bedding surface view of a high-density association of Skolithos linearis at the front of a subtidal 
sandbar. Lower Cambrian, Fort Mountain Formation, Gog Group, Mount Assiniboine, Canadian Rockies, western Canada. See Desjardins et al. (2010a). 
(d) Rosselia isp., Skolithos linearR, and Arenicolites isp. associated with various colonization surfaces in a subtidal sandbar. Lower Cambrian, Wiwaxi 
Peaks Member, St. Piran Formation, Gog Group, Larch Valley, Canadian Rockies, western Canada. Scale bar is 5 cm. See Desjardins etal. (2010a). (e) Moderately 
bioturbated subtidal sandbar-toe heterolithic deposits with Planolites and synaeresis cracka Lower Cambrian, St. Piran Formation, Gog Group, Lake O’Flara, 
Canadian Rockies, western Canada. Coin is 2.6 cm. See Desjardins et al. (2010a). (f) Close up of subtidal sandbar-toe heterolithic deposits showing sparse 
Planolites. Lower Cambrian, St. Piran Formation, Gog Group, Lake O'Flara, Canadian Rockies, western Canada. Coin is 2.6 cm. See Desjardins et al. (2010a). 



Macaronichnus may be present locally, as well as Ophiomorpha 
and Thalassinoides. Hummocky cross-stratification and paral- 
lel lamination are the dominant structures in the winter sandy 
beds of the middle and outer part of the sand flat. Bioturbation 



is extremely rare in the winter beds and typically restricted to 
sparse polychaete vertical burrows and escape traces. Landward 
migrating climbing ripples tend to characterize the spring 
interval, while summer layers are typified by wave-ripple cross- 
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laminated sands and muds. Summer deposits are sparsely bio- 
turbated, containing Conichnus, Palaeophycus, Siphonichnus, 
Asterosoma, and local high densities of Macaronichnus. 

The overall intensity of bioturbation increases in a landward 
direction because of decreasing wave energy (Yang et ciL, 2005). 
However, bioturbation levels across the whole tidal flat are gen- 
erally low as a result of high rates of sedimentation and episodic 
high-energy conditions (Yang et al., 2008a). On the other hand, 
a landward decrease in ichnodiversity, most likely as a result of 
increased duration of exposure, has been proposed. Also, the 
alternation of storms and fair-weather periods is conducive to 
a bimodal style of bioturbation characterized by unburrowed 
intra-storm mud drapes and more bioturbated fair-weather 
deposits. These authors noted that the bioturbation style in the 
lower sand flat is similar to that of the upper shoreface of wave- 
dominated shorelines. In addition, they suggested that the inner 
sand flat contains a mixed Skolithos-Cruziana ichnofacies, but 
of lower diversity than that of offshore environments. 

The absence of further case studies prevents any attempt at gen- 
eralization. However, itseemsthatichnologically wave-dominated 
tidal flats share aspects of both wave-dominated shorefaces and 
tide-dominated tidal flats. The alternation of unburrowed or 
sparsely bioturbated intervals with intensely bioturbated units 
is typical of the former due to the effects of storms (Pemberton 
and Frey, 1984a). On the other hand, the intense bioturbation in 
the inner mud zone and the presence of a Skolithos ichnofacies 
seaward of an assemblage containing elements of the Cruziana 
ichnofacies is characteristic of typical tidal flats (Mangano 
and Buatois, 2004a). As a result of intense wave erosion on the 
high-tide beach face, the Glossifungites ichnofacies may occur, 
cross-cutting previously emplaced softground trace-fossil suites 
(Yang et al., 2009). Additional studies are necessary to delineate 
a set of criteria that allow recognition of wave-dominated tidal 
flats in the fossil record. 

7.3.2 TIDAL BEACHES 

Tidal beaches have been mostly documented from the central 
Queensland coast of Australia (Short, 1991; Masselink and 
Hegge, 1995), and more recently from Waterside Beach in the Bay 
of Fundy of Eastern Canada (Dashtgard et ah, 2009). In con- 
trast to wave-dominated shorefaces, sediments of tidal beaches 
deposited in water depths equivalent to the upper, middle, and 
lower shoreface are regularly subjected by different wave proc- 
esses and, in the case of macrotidal and megatidal regimes, the 
shoreface may be exposed during low tides (Dashtgard et al., 
2009). In contrast to tide-dominated tidal flats, tidal beaches 
show a seaward decrease in grain size. 

Backshore deposits consist of eolian sand dunes and 
washover fan sands and gravels, and are characterized by ele- 
ments of the Psilonichnus ichnofacies (Dashtgard et al., 2009). 
Foreshore deposits of tidal beaches are typically unburrowed 
and dominated by gravels and sands with subparallel to low- 
angle cross stratification formed due to swash and backwash 
processes in the upper-intertidal area; eolian processes may also 



play a role (Masselink and Hegge, 1995; Dashtgard et al., 2009). 
The upper shoreface corresponds to the middle-intertidal zone, 
and may contain both sand and gravel with through and planar 
cross-bedding as the dominant structures, as a result of swash 
and surf processes. Bioturbation is moderate and dominated by 
elements of the Skolithos ichnofacies (Dashtgard et ah, 2009). 
The lower shoreface of tidal beaches corresponds to the lower- 
intertidal to shallow-subtidal zone, and is extremely variable 
with respect to grain size and physical sedimentary structures. 
It is essentially dominated by surf zone and shoaling wave proc- 
esses (Masselink and Hegge, 1995). Fine-grained deposits con- 
sist of fine- and very fine-grained sand and silt with abundant 
oscillatory structures (e.g. hummocky cross-stratification, wave 
ripples). Coarse-grained deposits consist of medium-grained 
sand to gravel in which evidence of oscillation alternates with 
current-generated structures (e.g. trough and planar cross-bed- 
ding). Although the Cruziana ichnofacies dominates the lower 
shoreface of tidal beaches, its diversity is reduced and no elab- 
orate grazing or feeding structures occur, illustrating the prox- 
imal subdivision of this ichnofacies (Dashtgard et al., 2009). 
The offshore in this type of system falls within the subtidal 
zone, and is controlled by shoaling wave processes (Masselink 
and Hegge, 1995). Deposits are fine-grained, mostly consisting 
of parallel-laminated silt and sand, being characterized by a 
proximal Cruziana ichnofacies (Dashtgard et al., 2009). 

As in the case of the wave-dominated tidal flats, the scarcity 
of case studies prevents generalizations. In addition, the more 
detailed ichnological and sedimentological analysis of a tidal 
beach corresponds to Waterside Beach in the Bay of Fundy of 
Eastern Canada (Dashtgard et al., 2009) and, therefore, fac- 
tors other than those typical of open-marine coasts may have 
influenced the benthic fauna (e.g. salinity dilution), further 
complicating the proposal of a more general model. While wave- 
dominated tidal flats share aspects of both wave-dominated 
shorefaces and tide-dominated tidal flats from an ichnological 
perspective, tidal beaches seem to have little in common with 
the latter and mostly resemble wave-dominated shorefaces. The 
proximal-distal ichnofacies gradient in tidal beaches follows 
that of wave-dominated shorefaces rather than tide-dominated 
tidal flats (Mangano and Buatois, 2004a). However, and in con- 
trast to wave-dominated shoreface, no archetypal Cruziana is 
present in tidal beaches, and diversity levels and degree of bio- 
turbation are reduced (Dashtgard et al., 2009). 

7.4 MUDDY SHORELINES 



Muddy shorelines typically form in protected regions, such as 
bays and lagoons (see Section 8.2). Also, they occur along the 
open coast forming extensive mud flats in tide-dominated shal- 
low-marine environments (see Section 7.2.2). However, they may 
also form along open coasts if the supply of suspended sedi- 
ment is enough to dampen inshore wave power and tidal cur- 
rents (Potter et al., 2005). These muddy coasts are particularly 
common downcurrent from fine-grained delta systems. However, 
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because muddy shorelines may extend far away from the delta 
mouth (e.g. 1600 km northwest of the Amazon mouth), they will 
be addressed herein in the context of shallow-marine open envi- 
ronments rather than in the delta section. 

Open-coast mudbelts are relatively well documented in mod- 
ern environments, such as Surinam (Augustinus, 1978; Rine 
and Ginsburg, 1985; Allison and Nittrouer, 1998) and western 
Lousiana (Beall, 1968; Penland and Suter, 1989). Most of the 
muddy shoreline fauna most likely derived from offshore soft- 
ground biotopes (Fortes, 2002). Biotic interactions, particularly 
competition among species, may be quite severe along muddy 
coasts, although this is not necessarily conducive to reduced 
diversity, which is essentially a function of physical stress 
(Fortes, 2002). Information from modern environments indicates 
that organisms living on muddy shorelines are typically calm- 
water species, and are affected by a number of stress factors, 
such as soupy substrates and rapid deposition of mud (Potter 
et al, 2005). As a result, the diversity of biogenic structures is 
rather low and bioturbation tends to be sparse. Interestingly, 
muddy shorelines seem to display significant spatial heterogen- 
eity. On the Surinam muddy coast, rapidly migrating mudbanks 



oriented obliquely to the shore are formed by fluid mud whose 
low strength essentially precludes bioturbation (Potter et al., 
2005). Between these banks, more consolidated mud is formed 
and more intense bioturbation occurs. 

Although relatively widespread in modern environments, 
muddy shorelines have remained almost unnoticed in the fossil 
record and, therefore, palichnological information is virtually 
absent. A notable exception is that of Hovikoski et al. (2008), 
who documented ichnological and sedimentological aspects of 
Cretaceous deposits interpreted as being formed in a muddy 
shoreline based on core data. These authors set up a number of 
preliminary criteria that may help in the recognition of ancient 
muddy coasts, including (1) high content of terrestrially derived 
organic matter; (2) soupy substrates and fluid-mud intervals, 
which are unburrowed or contain highly deformed trace fossils; 
(3) high and/or variable depositional rates, resulting in low and/ 
or fluctuating intensity of bioturbation; (4) reduced ichnodiver- 
sity and trace-fossil size; (5) dominance of monospecific suites; 
(7) morphologically simple trace fossils; (8) micro-laminated 
shale; and (9) abundant erosional features, such as shale-on- 
shale erosional contacts and scour-and-fill structures. 
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“Is there any other point to which you would wish to draw my attention?” 
“To the curious incident of the dog in the night-time.” 

“The dog did nothing in the night-time.” 

“That was the curious incident,” remarked Sherlock Holmes. 

Sir Arthur Conan Doyle 
“Silver Blaze” (1892) 



Marginal-marine environments represent one of the most suc- 
cessful areas of ichnological research. These environments com- 
prise a wide variety of coastal settings characterized by rapid 
environmental perturbations, typically salinity changes, but 
also increased sediment discharge and extreme clay flocculation, 
among many other controls. These different factors generate 
stressful conditions that strongly affect benthic biotas, impart- 
ing clearly detectable signals in the ichnological record (e.g. 
Pemberton and Wightman, 1992; MacEachern and Pemberton, 
1994; Buatois et al., 1997b; Mangano and Buatois, 2004a; 
MacEachern and Gingras, 2007). Ichnology is a powerful tool 
to differentiate deposits formed under marginal-marine condi- 
tions from those that accumulated in fully marine settings. In this 
chapter we review the ichnology of different marginal-marine 
environments, visiting estuaries, bays, deltas, and Ijords. 

8.1 ESTUARIES 



Dalrymple et al. (1992) defined an estuary as “the seaward por- 
tion of a drowned valley system which receives sediment from 
both fluvial and marine sources and which contains facies influ- 
enced by tide, wave, and fluvial processes. The estuary is consid- 
ered to extend from the landward limit of tidal facies at its head 
to the seaward limit of coastal facies at its mouth”. In this defin- 
ition, the term estuary is restricted to incised valley systems (see 
Section 12.5.2). However, in subsequent work a wider definition 
was adopted, allowing consideration of abandoned areas of the 
delta plain (destructive phase of deltas during transgression) as 
estuaries (Dalrymple, 2006). 

The distinction between open-marine deposits of regional scale 
and marginal-marine deposits occupying estuarine systems is one 
of the areas of applied ichnology in which trace fossils have been 
most extensively used. Integrating ichnological information, and 
sedimentological and stratigraphic evidence is critical in discrim- 
inating between both types of environments. Several recent stud- 
ies have led to reinterpretation of a great number of successions 
that were previously regarded as open-marine successions but are 
now considered to be estuarine in nature (e.g. Buatois et al., 1999). 
Ichnological data have proved decisive for new interpretations as 



the key to the identification of these environments lies in recog- 
nizing particular ichnofossil assemblages developed under stress 
conditions resulting from the dilution of seawater, resulting in 
the brackish-water model, extensively applied in the oil industry. 
These characteristics allow identification of anomalous ichnofau- 
nas (typical of marginal-marine brackish environments), which, 
in contrast to open-sea associations, usually exhibit a lower var- 
iety and abundance of forms (see Section 6.1.4). Also, the pres- 
ence of typical marine ichnotaxa (e.g. Teichichnus, Asteriacites, 
Psammichnites) has been successfully used to detect marine 
influence in coastal-plain successions (e.g. Hakes, 1976, 1985; 
Miller and Knox, 1985; Ranger and Pemberton, 1988; Miller and 
Woodrow, 1991; Mangano et al., 1999). 

It should be noted, however, that brackish-water conditions 
are not exclusive of estuarine systems, being also present in 
other depositional settings (e.g. delta plains, distributary mouth 
bars) (Dalrymple and Choi, 2007). On the other hand, the inner 
zone of estuarine systems is commonly characterized by fresh- 
water conditions (Buatois et al., 1997b). Trace-fossil analysis 
aids not only in the recognition of estuarine deposits, but also 
delineation of different clastic facies within the estuarine valley. 
Estuaries have been classified into two main groups, wave-domi- 
nated and tide-dominated estuaries (Dalrymple et al., 1992); the 
latter is a partial equivalent to the riverine estuarine valleys of 
MacEachern and Gingras (2007). Here, we address the ichnol- 
ogy of wave- and tide-dominated estuaries. 

8.1.1 WAVE-DOMINATED ESTUARIES 

Wave-dominated estuaries are characterized by a well-defined 
tripartite style of sand-to-mud-to-sand fill due to a pronounced 
spatial distribution of total energy (e.g. Zaitlin and Shultz, 
1990). Therefore, wave-dominated estuaries comprise three main 
zones: (1) an outer zone dominated by marine processes; (2) a cen- 
tral zone where marine energy is dissipated by fluvial currents; and 
(3) an inner, river-dominated zone (Rahmani, 1988; Dalrymple 
et al., 1992). As a result of energy distribution, these systems con- 
sist of: (1) a high-energy inner zone dominated by the discharge of 
fluvial tributaries (bay-head delta); (2) a low-energy middle zone, 
characterized by fine-grained deposition (central basin); and (3) a 
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Figure 8.1 Schematic reconstruction 
of trace-fossil distribution in wave- 
dominated estuaries. Bay-head delta 
deposits are sparsely bioturbated and 
may contain a few ichnotaxa, typic- 
ally Cylindrichnus (Cy), Palaeophycus 
(Pa), Ophiomorpha {Op), Teichichnus 
(Te), and Skolithos (Sk). Central- 
basin deposits also are sparsely bio- 
turbated, and contain low-diversity 
suites, Planolites (PI), Teichichnus 
(Te), and Thalassinoides (Tit) being 
common components. Ophiomorpha 
(OP) and Rosselia (Ro) may be pre- 
sent. Estuary-mouth deposits tend 
to display more ichnodiversity and 
intensity of bioturbation, including 
Cylindrichnus (Cy), Palaeophycus 
(Pa), Ophiomorpha (Op), Thalass- 
inoides (Th), Diplocraterion (Di), 
Rosselia (Ro), Asterosoma (As), 
Planolites (PI), and Skolithos (Sk). 



Box 8.1 Ichnology of a Lower Cretaceous wave-dominated estuary, the Viking Formation of subsurface Alberta, Canada 

Recognition of estuarine deposits in the Lower Cretaceous Viking Formation of the Western Canada Sedimentary Basin had 
profound implications in petroleum exploration and reservoir characterization. The Viking has been previously interpreted as 
deposited in shoreface environments. However, the discovery of a number of fields (e.g. Crystal) running perpendicular to the 
paleoshoreline proved to be a challenge to the shoreface model. These fields were then interpreted as estuarine valley fills, and 
ichnology played a major role in the shaping of this new model. Detailed sedimentological and ichnological studies of cores 
from the Viking Formation indicated that these fields were actually wave-dominated estuaries. Deposits lateral and underlying 
Viking valley deposits are characterized by highly diverse ichnofaunas, which contrast with the more impoverished assemblage 
that typified the estuarine deposits. In addition, the estuarine ichnofauna is characterized by the dominance of opportunistic 
suites, and variable and sporadic distribution of bioturbation. The typical tripartite facies distribution of wave-dominated estu- 
aries is well illustrated in these Viking fields. Bay-head delta deposits contain sporadic bioturbation as a result of extreme stress 
conditions. Central-basin deposits, although displaying sporadic bioturbation, reduced size and low ichnodiversities, may contain 
locally more elaborate and specialized feeding and grazing trace-fossils indicative of periods of less stressful salinity conditions. 
Estuarine-mouth deposits show a clear increase in ichnodiversity. Opportunistic strategies are dominant on the estuary side of 
the mouth, while climax ichnofaunas dominate on the seaward side of the estuary mouth. Reincision of channel facies at the top 
of the Viking valleys has been documented suggesting renewed sea-level fall. These deposits show an alternation of burrowed and 
unburrowed beds, most likely reflecting a combination of alternating freshwater and brackish-water conditions, and high energy 
due to dune migration. Studies in the Viking have been instrumental in the elaboration of the brackish-water model. 

Reference: MacEachern and Pemberton (1994). 



marine sand-plug formed at the seaward, high wave-energy end of 
the valley (estuary mouth) (Fig. 8.1) (Box 8. 1). 

Bay-head deltas are extremely stressful environments, being 
characterized by low salinity values and high sedimentation 
rates. These deposits are typically unbioturbated to sparsely 
bioturbated, with burrows displaying a tendency to concentrate 



on top of sandstone beds; ichnodiversity is very low (e.g. 
MacEachern and Pemberton, 1994; Buatois et ai, 1999, 2002b; 
MacEachern and Gingras, 2007). Trace-fossil assemblages tend 
to be dominated by dwelling structures of suspension feeders, 
such as Palaeophycus (Fig. 8.2a), Ophiomorpha (Fig. 8.2b), 
Skolithos (Fig. 8. 2d), Monocraterion-\\ke burrows (Fig. 8.2e), 
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Figure 8.2 Ichnofaunas from bay- 
head delta deposits as expressed in 
core. Note tendency to form mono- 
specific suites and small size, (a) 
Low density of small Palaeophycus 
(arrows) in sandstone with abundant 
mud drapes. Lfpper Carboniferous, 
Lower Morrow Sandstone, Arroyo 
Field, southwestern Kansas, 
Lfnited States. Core width is 8 
cm. See Buatois et al. (2002b). (b) 
Ophiomorpha forming a relatively 
high-density occurrence in a cross- 
bedded sandstone with mud drapes. 
Lfpper Oligocene-Lower Miocene, 
Naricual Formation, Pirital Field, 
Eastern Venezuela Basin. Core width 
10 cm. (c) Rhizocomlliiim (arrow) 
along reactivation surface in a cross- 
bedded sandstone. Upper Cretaceous, 
Escandalosa Formation, Caipe Field, 
Barinas-Apure Basin, southwestern 
Venezuela. Core width is 10 cm. 
(d) Scattered tiny specimens of Skolithos 
(arrows) in sandstone with abundant 
mud drapes. Upper Carboniferous, 
Lower Morrow Sandstone, Arroyo 
Field, southwestern Kunsas, United 
States. Core width is 8 cm. See Buatois 
el al. (2002b). (e) Isolated occurrence 
of Monocraterion-Xike, burrow (arrow) 
in a sandstone with stylolityzed mud 
drapes. Upper Carboniferous, Lower 
Morrow Sandstone, Arroyo Field, 
southwestern Kansas, United States. 
Core width is 8 cm. See Buatois et al. 
(2002b). 



and, more rarely, detritus feeders, such as Cylindrichnus of 
Rhizocorallium (Fig. 8.2c). These tend to occur in sandstone 
units commonly recording opportunistic colonization of sub- 
aqueous dunes and channels. Feeding trace fossils of deposit 
feeders are minor components, commonly present in mud- 
stone interbeds associated with pauses in sedimentation (e.g. 
Planolites, Teichichnus). Individual beds rarely contain more 
than a few ichnogenera (MacEachern and Pemberton, 1994). In 
terms of archetypal ichnofacies, bay-head deltas predominantly 
contain the Skolithos ichnofacies with minor proportions of the 
impoverished Cruziana ichnofacies. 

Central-basin settings are characterized by a combination of 
stress factors, such as brackish-water conditions, water turbid- 
ity and oxygen depletion. The degree of bioturbation is typically 
low, although some intervals may attain moderate to relatively 
intense bioturbation, reflecting slower depositional rates (e.g. 
MacEachern and Pemberton, 1994; MacEachern and Gingras, 
2007). Ichnodiversity is low; moderate diversity levels most 
likely reveal less salinity stress. Trace fossils typically occur in 
heterolithic successions displaying wavy to lenticular bedding. 
The dominant components are non-specialized feeding traces of 
deposit feeders (e.g. Planolites, Teichichnus), although dwelling 



traces of deposit feeders (e.g. Thalassinoides) and detritus feed- 
ers (e.g. Rosselia), and, more rarely, suspension feeders (e.g. 
Palaeophycus, Diplocraterion) may occur. Burrow size reduc- 
tion and synaeresis cracks are typical features in central-basin 
deposits (MacEachern and Gingras, 2007). Monospecific or 
low-diversity suites of Planolites (Fig. 8.3) and Teichichnus are 
common (e.g. Buatois et al, 2002b). Storm sands in central-ba- 
sin deposits commonly contain Ophiomorpha, which is thought 
to reveal transport of burrowing crustaceans rather than oppor- 
tunistic colonization (Savrda and Nanson, 2003). These authors 
also noted that in proximal parts of the central bay, rapid event- 
related accumulation of suspended clays immediately followed 
sand emplacement, precluding the establishment of a fair- 
weather suite. Discrete layers with more specialized trace fossils 
(e.g. Phycosiphon, Chondrites) either reflect short-lived barrier 
breaching by storm washovers, incomplete barring of estuary 
mouths, or permanent barrier breaching during transgressions 
(MacEachern and Gingras, 2007). Central-basin deposits are 
characterized by the depauperate Cruziana ichnofacies with 
minor contributions from the Skolithos ichnofacies. 

Estuary-mouth environments are highly variable in terms 
of ichnological content and sedimentary facies. The degree of 
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Figure 8.3 Typical core expression of ichnofaunas from central-basin depos- 
its. Note small PlanoHtes, synaeresis cracks, siderite layer (top), and sand- 
stone lenses with very thin mud drapes. Lower Miocene, Oficina Formation, 
Oritupano Field, eastern Venezuela Basin. Core width is 10 cm. 

bioturbation and ichnodiversity is moderate to relatively intense, 
refleeting near normal marine salinities (Fig. 8.4). Stress factors 
in this setting mostly consist of high depositional rates and high 
energy levels rather than reduced salinity (e.g. Savrda et al, 1998). 
As a result, coarser grained deposits (e.g. eonglomerate and very 
coarse-grained sandstone) are sparsely bioturbated in contrast 
to finer grained deposits that aecumulate in more protected sites. 
Deposits of rapidly migrating large bedforms, such as those of 
dunes migrating along tidal inlets, are typically unburrowed or 
sparsely bioturbated (e.g. Savrda et al, 1998). Behavioral eategor- 
ies and trophie types are much more varied than in inner- and cen- 
tral-estuarine areas, covering dwelling, feeding, and resting traces 
of suspension, deposit, and detritus feeders (e.g. MaeEachern 
and Pemberton, 1994; Buatois et al, 2002b; MaeEachern 
and Gingras, 2007). Ophiomorpha, Thalassinoides, Skolithos, 
Palaeophycus, PlanoHtes, Cylindrichnus, Rosselia, Asterosoma, 
Teichichnus, and Diplocraterion are eommon eomponents, while 
Bergaueria, Lockeia, and Siphonichnus may be accessory elements. 




Figure 8.4 Core expression of intensely bioturbated estuary-mouth 
coarse-grained deposits. Upper Carboniferous, Lower Morrow 
Sandstone, Arroyo Field, southwestern Kansas, United States. Core 
width is 8 cm. See Buatois et al. (2002b). 

Macaronichnus is commonly present in high-energy tidal-inlet 
and subtidal-bar sandstone (Savrda and Uddin, 2005), while large 
Conichnns occurs in the same deposits, reflecting equilibrium strat- 
egies (Savrda, 2002). Ophiomorpha is commonly present in dune 
deposits associated with slack-water mud drapes, reflecting rela- 
tively brief colonization windows (Savrda et al, 1998). Deposits 
that occur on the estuarine side of the barrier are less bioturb- 
ated, and display less ichnodiversity than those that accumulate 
on the seaward side (MaeEachern and Pemberton, 1994). On the 
seaward side, ichnotaxa that are less tolerant to salinity fluctua- 
tions may be rather common (e.g. Chondrites, Helminthopsis, and 
Phycosiphon). Estuarine-mouth deposits are characterized by the 
mixed depauperate Cruziana and Skolithos ichnofacies. 

The overall distribution of biogenic structures along wave- 
dominated estuaries is likely controlled by the salinity gradient, 
displaying a transition from brackish water in the bay-head delta 
and central basin to near-normal salinity conditions at the sea- 
ward end of the valley. Other parameters, such as oxygenation, 
substrate consistency, and energy regime, play a significant role 
at a more local scale. For example, dwelling traces of suspension 
feeders are dominant in high-energy, oxygenated sandy channels 
and dunes of the bay-head delta, and feeding traces of deposit 
feeders are more typical of low-energy, poorly oxygenated, fine- 
grained sediments of the central basin. The importance of salin- 
ity becomes evident when facies formed under similar conditions 
of energy, substrate, and oxygenation are compared (Buatois 
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et ai, 2002b). Organisms that inhabit bay-head deltas and upper- 
shoreface environments are adapted to a well-oxygenated sandy 
substrate under relatively high-energy conditions. However, 
while animals living in the bay-head delta experience stressful 
physiological conditions due to brackish water, those from the 
upper shoreface developed in normal salinity waters. The over- 
all features of both ichnofaunas (e.g. lower ichnodiversity in the 
bay-head delta than in the shoreface) clearly support the import- 
ance of salinity as a limiting factor in trace-fossil distribution. 

8.1.2 TIDE-DOMINATED ESTUARIES 

The distribution of total energy that produces the tripartite style 
of sand-to-mud-to-sand fill is less pronounced in tide-dominated 
systems than in wave-dominated estuaries due to migrating tidal 
channels in the central zone of the estuary (Dalrymple et ah, 
1992; Boyd et al., 2006). Nevertheless, tide-dominated estuarine 
systems are characterized by: (1) an inner sandy zone represent- 
ing a straight tidal-fluvial channel (upper estuary); (2) a middle 
muddy-sandy zone of a meandering to straight tidal channel 
and tidal flats, tidal creeks, and salt marshes along the sides of 
the estuary (middle estuary); and (3) an outer zone character- 
ized by elongate tidal sand bars and tidal flats that flanked the 
estuary valley seaward (lower estuary) (Fig. 8.5). 

In the fluvio-estuarine transition zone, tidal influence commonly 
extends further landward than the saltwater intrusion. This zone 
is therefore situated between the maximum landward limit of tidal 



currents and the salinity limit further towards the sea (Buatois 
et al., 1997b). As noted by AUen (1991), upper-estuary channels are 
rarely affected by brackish water and no marine or brackish-water 
fauna is able to inhabit this portion of the estuary. The freshwater 
benthos inhabiting this inner zone does not have the special adap- 
tations necessary to survive in the brackish environment, which 
results in the middle estuary being a border zone to their distri- 
bution area (Wolfr, 1983). Tidal rhythmites formed in this irmer- 
most zone contain arthropod trackways (e.g. Dendroidichnites, 
Diplichnites, Diplopodichnus, Kouphichnium, Stkillia, Stiaria) (Fig. 
8.6a), insect resting traces (e.g. Tonganoxichnus) (Fig. 8.6a), grazing 
traces (e.g. Gordia, Helminthoidichnites, Helminthopsis) (Fig. 8.6b-d), 
subsurface feeding traces (e.g. Treptichnus) (Fig. 8.6e), fish loco- 
motion traces (Undichna) (Fig. 8.6f), and reptile (e.g. Notalacerta, 
Pseudobradypus, Attenosaurus, Alabamasauripus, Dimetropus) and 
amphibian trackways (e.g. Cincosaums) (Rindsberg, 1990b; Buatois 
et al., 1997b, 1998a; Mangano and Buatois, 2004a; Hunt et ai, 2004a; 
Lucas et al., 2004a; Lucas and Lemer 2005; Haubold et al., 2005; 
Martin and Pyenson, 2005; Pashin, 2005; Minter and Braddy, 2009). 

This ichnofauna reflects the activity of a mixed terrestrial and 
freshwater biota in low-energy tidal flats (Buatois et al., 1997b, 
1998a). Root trace fossils (Fig. 8.6g) and autochthonous upright 
plants are common, representing the only penetrative organic 
structures in an otherwise unbioturbated substrate character- 
ized by thinly interbedded sandstone-mudstone couplets or silt- 
stone-claystone couplets. Trails and trackways are preserved on 
mud drapes, and are commonly associated with a wide variety 
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Figure 8.5 Schematic reconstruc- 
tion of trace-fossil distribution 
in tide-dominated estuaries. The 
fluvio-estuarine transition displays 
relatively high-diversity suites, 
including Diplichnites {Dp), Diplo- 
podichnus (Do), Gordia (Go), 
Treptichnus (Tr), Helminthopsis 
(He), Undichna (Un), and 
Cincosaurus ( G) . Estuarine-channel 
and point-bar deposits are sparsely 
bioturbated and contain a few ich- 
notaxa, such as Gyrolithes (Gy), 
Cytindrichnus (Cy), Planolites (PI), 
Pataeophycus (Pa), and Skolithos 
(Sk). Associated tidal-flat deposits 
are slightly more bioturbated, but 
ichnodiversity remains low, with 
Lockeia (Lo), Protovirgularia (Pr), 
Asterosoma (As), Gyrochorte (Gr), 
and Teichichnus (Te) as common 
forms. Estuary-mouth sandbar dep- 
osits may contain Diplocraterion 
(Di), Skolithos (Sk), Gyrochorte 
(Gr), and Psammichnites (Ps). 
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Figure 8.6 Ichnofaunas from fluvio- 
estuarine transition deposits. 
Upper Carboniferous, Tonganoxie 
Sandstone, Stranger Fomation, 
Buildex Quarry, Kansas, United 
States, (a) Stiaria intermedia (St), 
Tonganoxichnus ottawensis (To), 
and indeterminate grazing trails 
(Gt). Coin is 1.4 cm. (b) Gordia 
indianaensis (Gi) indeterminate 
grazing trails (Gt), and foam marks 
(Fm). Scale bar is 1 cm. (c) Grazing 
trails concentrated around a fos- 
sil leaf Coin is 1.4 cm. (d) Gordia 
indianaensis. Scale bar is 1 cm. (e) 
Treptichnus bifurcus. (f) Undichna 
hritannica. Scale bar is 1 cm. (g) 
Core view of a root trace fossil. See 
Buatois et al. (1997b, 1998a). 



of bedding-surface structures, including tool marks, drainage or 
seepage rill marks, runnel marks, runoff washouts, foam marks, 
raindrop impressions, gas escape structures, falling-water marks, 
and wrinkle marks, the latter suggestive of microbial mat- 
grounds (Buatois et al, 1997b, 1998a; Mangano and Buatois, 
2004a; Rindsberg, 2005; Pashin, 2005). In terms of ichnofacies, 
the fluvial-estuarine transition is characterized by the mixed 
Mermia-Scoyenia ichnofacies, and by the Serpentichnus ichno- 
coenosis of the Characichichnos ichnofacies. 

Further towards the sea, tidal channels display brackish- water 
conditions, allowing the establishment of the mixed depauper- 
ate Cruziana and Skolithos ichnofacies. Ichnodiversity reaches 
a minimum in these highly stressed settings, and bioturbation 
tends to be sparsely distributed (Ranger and Pemberton, 1992; 
Gingras et al, 1999b). Upper-estuarine channels encompass 
two main areas, the active portion of the channel and the point 
bar (MacEachern and Gingras, 2007). Active-channel depos- 
its are typically unburrowed or contain a few trace fossils in 
mud interbeds or in the toesets of dune bedforms. As noted by 
MacEachern and Gingras (2007), the scarcity of bioturbation in 



active channels is for the most part due to the presence of rap- 
idly migrating bedforms rather than brackish-water conditions 
per se. Planolites, Cylindrichnus, Skolithos, and Palaeophycus 
are among the ichnotaxa most commonly recorded. Logs with 
Teredolites may occur at the base of channels (Fig. 8.7). 

The associated point bars, characterized by lateral accretion 
that produces inclined heterolithic stratification, generally dis- 
play higher ichnodiversity and degree of bioturbation than the 
active channels (Box 8.2). Biogenic structures in inclined het- 
erolithic stratification deposits display proximal-distal trends in 
response to a salinity gradient (Lettley et al, 2007b; MacEachern 
and Gingras, 2007). Landward expressions tend to be sandier, 
and are either unbioturbated or contain scarce Planolites (Fig. 
8.8a). The degree of bioturbation and ichnodiversity tend to 
increase seaward with the progressive addition of Skolithos, 
Gyrolithes (Fig. 8.8c-d), and Cylindrichnus (Fig. 8.8b). However, 
mudstone-rich intervals sharply overlying point-bar deposits 
are commonly unbioturbated, and are thought to record depos- 
ition close to or at the turbidity-maximum zone, which pro- 
motes clay flocculation and rapid mud accumulation (Bechtel 
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Figure 8.7 Log with Teredolites at 
the base of an estuarine tidal channel 
sandstone. Upper Cretaceous, Desert 
Sandstone Member, Blackhawk 
Formation, Old Thompson Canyon, 
Book Cliffs, eastern Utah, United 
States. Scale bar is 5 cm. 




Figure 8.8 Core expression of ichno- 
faunas from estuarine-channel deposits 
with inclined heteroUthic stratification. 
Sandstone is impregnated with hydro- 
carbon and is dark colored, while 
mudstone is light colored. Lower 
Cretaceous, McMurray Formation, 
northern Alberta, Canada. See Lettley 
etal. (2007b). (a) Planolitesisp. (arrows) 
in mud drapes, (b) Concentrically lam- 
inated Cylindrichnus isp. (c) and (d) 
Vertical spiral burrow Gyrolithes isp. 
Core widths are 8 cm. 



et ah, 1994; MacEachern and Gingras, 2007; Lettley et ah, 
2007b). Alternation of intensely bioturbated intervals and mostly 
unburrowed intervals are, therefore, interpreted as fluctuations 
in the position of the salt wedge within the turbidity-maximum 
zone. Notably, many ichnofabrics in estuarine point-bar depos- 
its are composite, reflecting continental trace fossils overprint- 
ing brackish-water suites. Typical examples are represented by 
elements of the Beaconites-Taenidium ichnoguild cross-cutting 
trace-fossil suites with ichnogenera that indicate marine influ- 
ence (e.g. Teichichnus) (Fig. 8.9a-e). 

In modern macrotidal estuaries, zonations have been estab- 
lished to differentiate between upper subtidal-lower-inter- 
tidal, middle-intertidal, and upper-intertidal zones of muddy 



point bars and associated tidal flats (Pearson and Gingras, 
2006). Upper-subtidal to lower-intertidal zones of the point 
bars contain incipient Polykladichnus and Skolithos produced 
by the capitellid polychaete Heteromastus. Middle-intertidal 
zones contain incipient Arenicolites and Diplocraterion pro- 
duced by the amphipod Corophium volutator. In the upper- 
intertidal zone of the point bar and in the tidal flat, the nereid 
worms Nereis virens and N. diversicolor (producers of incipi- 
ent Polykladichnus, Palaeophycus, and Planolites), and the 
bivalve Macoma balthica (producer of incipient Siphonichnus) 
are present. Similar zonations have been documented in sandy 
point bars of modern mesotidal estuaries (Gingras et al., 
1999b). However, Callianassa burrows (producers of incipient 
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Box 8.2 Ichnology of a Lower Cretaceous tide-dominated estuary, the McMurray Formation of Alberta 

Understanding of the sedimentary arehitecture and depositional dynamics of the Lower Cretaeeous McMurray Formation is 
essential because this unit is one of the most important producers of heavy oil in the world. Although the density of well cores 
is remarkably high, the complex distribution and arehitecture of these sandstone bodies complicate correlation of tide-dom- 
inated estuarine-channel units. Integration of ichnological and sedimentological datasets in the analysis of estuarine-channel 
deposits displaying inclined heterolithic stratification (IHS) has helped to address longitudinal variations in the charaeter of 
estuarine point bars. Towards the fluvial end of the estuary, bioturbation is exceedingly rare in IHS deposits and restricted to 
sporadic occurrences of Planolites in interbedded sandstone and siltstone, while associated cross-bedded sandstone is unbur- 
rowed. The central zone of the estuary is characterized by fine- and very fine-grained sandstone associated with silt- and clay- 
rich deposits formed in the zone of turbidity maximum. Bioturbation is highly variable. Fine-grained deposits show little to 
moderate bioturbation and dominance of monospecific suites of Planolites. Sand-dominated deposits show more diversity 
particularly towards the seaward end of the turbidity maximum zone, where Planolites (Fig. 8.8a) and Teichichnus dominate, 
and Cylindrichnus (Fig. 8.8b), Palaeophycus and Gyrolithes (Fig. 8.8c-d) may occur also. The seaward end is characterized by 
well-sorted very fine- and fine-grained sandstone and minor amounts of mudstone and siltstone. Bioturbation is compara- 
tively abundant and diverse, with Cylindrichnus, Skolithos, Teichichnus, Palaeophycus, Planolites, Thalassinoides, and escape 
trace fossils as relatively common elements. Seasonal variations in fluvial discharge, together with changes in water circulation 
and the position of the turbidity maximum played major roles in controlling trace-fossil distribution. This is one of the most 
detailed ichnological studies of tide-dominated (riverine) estuaries. 

Reference: Lettley et al. (2007b). 




Figure 8.9 Composite ichnofabrics 
in estuarine-channel deposits with 
inclined heterolithic stratification, 
(a) Deposits with alternating 
intervals having well-preserved 
inclined heterolithic stratification 
and intensely bioturbated inter- 
vals as a result of the activity of a 
brackish-water infauna. Measuring 
tape is 5 cm wide. Lower Miocene 
Barreiras Formation, Peru Beach, 
Maranhao State, northern Brazil. 
See Netto and Rosetti (2003). (b) 
Close-up showing discrete contin- 
ental Taenidium superimposed to a 
background brackish-water ichno- 
fabric. Lower Miocene Barreiras 
Formation, Peru Beach, Maranhao 
State, northern Brazil. See Netto 
and Rosetti (2003). (c) Teichichnus 
ichnofabric in the lower interval 
of an estuarine point bar. Lower 
Miocene Oficina Formation of the 
Orinoco Belt, Venezuela. Core is 
8 cm wide, (d) Intensely bioturb- 
ated upper interval of point-bar 
deposit shown in (c) The ichno- 
fabric is dominated by continental 
Taenidium and Beaconites coloniz- 
ing the abandoned point bar. Core 
width is 9.5 cm. (e) Close-up of 
Beaconites colonizing an aban- 
doned point bar. Lower Miocene 
Oficina Formation of the Orinoco 
Belt, Venezuela. Core is 8 cm wide. 
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Thalassinoides and Ophiomorpha) tend to occur in these sand- 
ier substrates. Point-bar deposits are typically less bioturbated 
than the associated tidal flats (Gingras et al., 1999b). Some 
lateral-accretion surfaces identified in the fossil record con- 
tain sharp-walled, unlined and passively filled burrows (e.g. 
Thalassinoides, Skolithos) of the Glossifungites ichnofacies. 
This suite suggests rapid dewatering and formation of auto- 
genic stiffgrounds (Gingras et al., 2000, 2001; Lettley et al., 
2007a). Also, the Glossifungites ichnofacies may oecur at the 
base of channels that erode into the underlying bedrock (e.g. 
Gingras et al., 1999b). 

Salt marshes may form along the sides of the estuary. These 
marshes are dissected by a network of tidal creeks, and are 
eommonly heavily vegetated by salinity tolerant plants (e.g. 
Spartina), resulting in intense bioturbation by root traces (e.g. 
Edwards and Frey, 1977; Basan and Frey, 1977). In modern salt 
marshes of macrotidal estuaries, Corophium volutator (producer 
of incipient Arenicolites and Diplocraterion) and Mya arenaria 
(producer of ineipient Siphonichnus and Lockeia) are common 
(Dashtgard and Gingras, 2005). Tidal-creek migration may gen- 
erate Glossifungites-dermxcdXed surfaces. In tropical to subtrop- 
ical estuaries, salt marshes are replaced by mangroves that form 
along sheltered shores, and eonsist mostly of trees and woody 
shrubs that have root adaptations to live in regularly submerged 
sediment (Cadee, 1998; Schaeffer-Novelli et al., 2002). Robust 
root traees (e.g. Avicennia, Rhizophora, and Sonneratia) are 
commonly pervasive. In addition, a number of invertebrates 
are aetive bioturbators in mangrove areas (Cadee, 1998). These 
include mostly crustaceans that construet U-shaped burrows 
connected to a horizontal segment (Thalassina anomala), verti- 
cal burrows (Sesarma sp. and Uca sp.), and U-shaped burrows 
{Upogebia sp.). Horizontal grazing traces by mollusks, although 
common, have low preservation potential. 

Tidal flats also occur along the sides of tide-dominated estu- 
aries. In contrast to tidal flats formed on open coasts, ichnofau- 
nas from middle-estuarine tidal flats are not diverse, but contain 
ichnotaxa that clearly illustrate marine influence, thereby allow- 
ing distinction from intertidal areas at the fluvial-estuarine 
transition (Mangano and Buatois, 2004a). In strongly tidally 
dominated settings, tidal flats form under an upper-flow regime 
(Dalrymple and Choi, 2007), and may be sparsely bioturbated 
due to high-energy conditions. Common components in low- 
energy counterparts include resting traces (e.g. Asteriacites and 
Lockeia), locomotion traces (e.g. Gyrochorte and Protovirgularia), 
grazing traees (e.g. Nereites and Psammichnites), feeding traces 
(e.g. Teichichnus, Asterosoma, Planolites, and Cylindrichnus), 
and dwelling traces (e.g. Diplocraterion, Linguliclmus, and 
Palaeophycus). Although the degree of bioturbation is typic- 
ally low, Linguliclmus and Lockeia may occur in profuse dens- 
ities. Suites are commonly monospecific, but the association of 
bivalve (Lockeia-Protovirgularia) and ophiuroid {Asteriacites) 
trace fossils is quite eommon (Mangano and Buatois, 2004a). 

Central-basin deposits, although widespread in wave-dominated 
estuaries, are rare in tide-dominated estuaries due to a large degree 
of tidal exchange and the absence of a mouth-barrier system 
(Dalrymple et al, 1992; Boyd et al, 2006; MacEachem and Gingras, 



2007). These deposits typically consist of heterolithic facies that are 
more bioturbated and exhibit higher diversity levels than the asso- 
ciated point-bar deposits (MacEachem and Gingras, 2007). Some 
of the ichnotaxa recorded in central-basin deposits are Teichichnus, 
Planolites, Cylindrichnus, Palaeophycus, and Skolithos. 

The outer region of tide-dominated estuaries is characterized 
by the establishment of elongate tidal bars that may be associ- 
ated with upper-flow regime sand flats (Dalrymple et al, 1992; 
Boyd et ah, 2006; Dalrymple and Choi, 2007). Although this 
region displays normal-marine salinities, high tidal velocities 
and high rates of sedimentation commonly preclude bioturb- 
ation (e.g. Buatois et al, 2006b). Locally, assemblages dominated 
by vertical burrows of suspension feeders, such as Skolithos 
(Fig. 8.10a-b), Diplocraterion (Fig. 8.10c) and Ophiomorpha 
(Fig. 8.10d), may occur in high densities reflecting colonization 
during short breaks in sedimentation or tidal-bar abandonment 
during transgression. Horizontal grazing and feeding traces, 
such as Gyrochorte (Fig. 8.10e) and Psammichnites (Fig. 8.10f), 
typically occur in mud drapes that result from longer breaks 
or in more protected sites showing interfingering with middle- 
estuarine deposits (Mangano and Buatois, 2004a). Vertical bur- 
rows of detritus or deposit feeders, such as Asterosoma (Fig. 
8.101), Patagonichnus (Fig. 8.10g), Rosselia (Fig. 8.11a), and 
Teichichnus (Fig. 8.1 lb) may occur also in this setting. 

As in the case of wave-dominated estuaries, the salinity gradient 
plays a major role in distribution of biogenic sedimentary structures 
in tide-dominated estuaries. Ichnofaunas tend to display proximal- 
distal trends revealing the activity of freshwater and terrestrial 
biotas near or at the fiuvial-estuarine transition, brackish-water 
faunas in the central zone of the estuary and fully marine biotas 
at the estuary mouth (Mangano and Buatois, 2004b). However, 
other factors may be equally important, albeit at a more local scale, 
including clay flocculation near the turbidity-maximum zone and 
high tidal energy at the elongate tidal-bar complex. 

8.2 BAYS 



In recent years, ichnologists have begun to recognize that some 
marginal-marine successions containing brackish-water assem- 
blages do not strictly represent the infill of estuarine systems, 
but record deposition in embayments instead (e.g. MacEachem 
et al, 1998). The ichnology of these bay settings is less under- 
stood than that of other marginal marine environments. 
Comparatively little has been written on these environments and 
only a few case studies have been documented (e.g. MacEachem 
et al, 1998, 1999c; Pemberton et al, 2001; Spila et al, 2005; 
Buatois et al, 2007b; Desjardins et ah, 2010b). MacEachem 
and Gingras (2007) suggested subdividing bay environments 
into restricted or barrier-barred bays and open or non-barred 
bays, a classification framework that is adopted here. 

8.2.1 RESTRICTED BAYS 

Restricted bays correspond to embayments that have limited 
or intermittent connection to the open sea (MacEachem and 




Figure 8.10 Ichnofaunas from deposits formed in the outer region of tide-dominated estuaries as expressed in outcrop, (a) Skolithos linearis forming 
a pipe rock. Upper Cambrian, Pico de Halcon Member, Quebrada del Salto Alto, Cordillera Oriental, northwest Argentina. Coin (upper left) is 1 .8 
cm. See Mangano and Buatois (2003a). (b) Skolithos gyratus in planar cross-bedded sandstone with abundant intraclasts and mud drapes. Upper 
Cambrian, Pico de Halcon Member, Quebrada del Abra Blanca, Cordillera Oriental, northwest Argentina. Coin (upper right) is 1.8 cm. (c) High 
density of Diplocraterion parallelum in bedding-plane view. Upper Cambrian, Pico de Halcon Member, Arroyo de Sapagua, Cordillera Oriental, 
northwest Argentina. Scale bar is 1 cm. (d) Ophiomorpha nodosa. Lower Miocene, Chenque Formation, roadcut near Comodoro Rivadavia, 
Patagonia, southern Argentina. Lens cap is 5.5 cm. (e) Gyrochorte isp. Upper Carboniferous, Bandera Shale, Bandera Sandstone Quarry, Bourbon 
County, eastern Kansas. Scale bar is 1 cm. See Mangano and Buatois (2004a). (f) Psammichnites implexus. Upper Carboniferous, Bandera Shale, 
Bandera Sandstone Quarry, Bourbon County, eastern Kansas. Scale bar is 1 cm. See Mangano and Buatois (2004a). (g) Asterosoma radiciforme 
displaying typical concentrically laminated ichnofabric. Lower Miocene, Patagonia Formation, cliff between Las Grutas and La Rinconada, 
Patagonia, southern Argentina. Lens cap is 5.5 cm. See Olivero and Lopez-Cabrera (2005). (h) Patagonichnus stratiformis. Note associated mud 
drapes. Lower Miocene, Chenque Formation, roadcut near Comodoro Rivadavia, Patagonia, southern Argentina. Coin is 1.8 cm. 
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Figure 8.11 Core expression of 
ichnofaunas from the outer region of 
tide-dominated estuaries, (a) Rosselia 
isp. (Ro) and Teichichnus rectus ( Te) 
in a sandstone bed. Note Planolites 
isp. (PI) in mud drapes. Upper 
Cretaceous, Napo Formation, Auca 
Field, Oriente Basin, Ecuador. Core 
width is 10 cm. (a) Thalassinoides 
isp. (77j), Teichichnus rectus (Te), 
Planolites isp. (PI) and Palaeophycus 
(Pa). Note abundant mud drapes and 
flaser bedding. Upper Cretaceous, 
Napo Formation, Shushufindi Field, 
Oriente Basin, Ecuador. Core width 
is 10 cm. 



Gingras, 2007). Accordingly, they are typically characterized 
by brackish-water assemblages representing the mixed depau- 
perate Cruziana and Skolithos ichnofacies (Fig. 8.12). Salinity 
fluctuations take place on a variety of temporal scales (e.g. daily, 
monthly and seasonally), imparting a stress signature to the 
associated biota (MacEachern and Gingras, 2007). This stress 
results in poorly diverse ichnofaunas and sparse bioturbation, 
Teichichnus (Fig. 8.13a-b) and Planolites (Fig. 8.13a-c), being 
some of the most common ichnogenera in severely restricted 
settings. Other common ichnogenera are Rosselia (Fig. 8.13a) 
and Siphonichnus (Fig. 8.13d). An increase in ichnodiversity, 
more intense bioturbation, and the presence of certain ichno- 
genera, such as Asterosoma and Phycosiphon, commonly sug- 
gest less restricted conditions or sporadic breaching of barriers 
as a result of storms (MacEachern and Gingras, 2007). 

Bay-margin deposits consist of heterolithic facies with abun- 
dant synaeresis cracks and siderite nodules (MacEachern and 
Gingras, 2007). Trace fossils are sparsely distributed, with some 
intervals reaching relatively intense bioturbation. Ichnodiversity is 
low to rarely moderate. Monospecific suites are common. Typical 
ichnogenera are Teichichnus, Planolites, Rosselia, Gyrolithes, 
Cylindrichnus, Palaeophycus, and Siphonichnus. The Glossifungites 
ichnofacies is commonly associated with autogenic firmgrounds 
due to local erosion (MacEachern and Gingras, 2007). 

The distal-bay deposits accumulate in the deepest parts of 
the bays or the most sheltered areas, and tend to be mud-domi- 
nated (MacEachern and Gingras, 2007). Thin tempestites layers 
may occur in strongly storm-affected bays, while dark parallel- 



laminated mudstones are typical of low-energy anoxic to dys- 
aerobic embayments. Sandy tempestites may bear low-diversity 
assemblages consisting of Palaeophycus, Planolites, Halopoa 
(Fig. 8.13e), and Rhizocorallium (Fig. 8.131) (Desjardins et al., 
2010b). Oxygen-depleted deposits are either unbioturbated, or 
contain sporadically distributed small Planolites (MacEachern 
and Gingras, 2007). 

Bay-mouth deposits are sedimentologically and ichnologically 
more variable, and resemble wave-dominated estuary mouths 
(see Section 8.1.1). The salinity stress is not typically high because 
the outer region of the bay environment experiences slightly 
brackish to fully marine conditions. However, high-energy 
conditions predominate and, therefore, deposits are typically 
sparsely bioturbated (MacEachern and Gingras, 2007). Vertical 
burrows of suspension feeders are common in sandstone layers, 
including Ophiomorpha, Skolithos, and Arenicolites; horizontal 
traces of both deposit feeders (Planolites) and suspension feed- 
ers (Palaeophycus) occur in associated finer-grained intervals. 

8.2.2 OPEN BAYS 

Open bays have virtually unrestricted connection to the open 
sea (MacEachern and Gingras, 2007). As a result, the salinity 
stress is significantly lower than in restricted bays. However, 
these authors noted that salinity in the bay is in any case depend- 
ent of that of the adjacent seaway, which may be brackish. In 
addition, substrates are typically sandier than in restricted 
bays because of the deeper-water position of the wave base. 
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Figure 8.12 Schematic reconstruc- 
tion of trace-fossil distribution in 
restricted bays. Bay-margin depos- 
its commonly display low-diver- 
sity trace-fossil suites, including 
Palaeophycus {Pa), Planolites (PI), 
Siphonichnus (Si), Teichichnus (Te), 
Cylindrichnus (Cy), and root trace 
fossils (Rt). Distal-bay deposits 
may contain more complex forms 
indicative of slightly less-stressful 
conditions. Typical ichnotaxa are 
Rhizocorallium (Rz), Hatopoa (Ha), 
Chondrites (Ch), Asterosoma 
Palaeophycus (Pa), and Teichichnus 
(Te). Bay-mouth deposits tend to 
contain ichnotaxa indicative of rela- 
tively high-energy conditions, such 
as Ophiomorpha (Op), Arenicolites 
(Ar), and Skolithos (Sk). Autogenic 
firmgrounds may contain Skolithos 
(Sk), Diplocraterion (Di), and 
Thalassinoides (Th). 



As a result, open-bay deposits resemble shoreface successions 
(e.g. Pemberton et al., 2001; MacEachern and Gingras, 2007). 
Depauperate expressions of the mixed Cruziana and Skolithos 
ichnofacies tend to alternate with more archetypal expressions 
of these ichnofacies (Fig. 8.14). A replacement of the Skolithos 
ichnofacies in bay-margin deposits by elements of the Cruziana 
ichnofacies in distal-bay deposits have been observed in some 
open bays (MacEachern et ah, 1998, 1999c). 

Bay-margin deposits are very similar to shoreface succes- 
sions both in physical and biogenic attributes (see Sections 
7.1.3, 7.1.4, and 7.1.5), particularly in bays that are deep or 
not sheltered from wave approach (MacEachern and Gingras, 
2007). Under strong tidal influence, heterolithic tidal-flat 
deposits become common. The degree of bioturbation is highly 
variable, with some deposits displaying intense bioturbation. 
Ichnodiversity is low to relatively high. Typical ichnotaxa 
include Teichichnus, Thalassinoides, Planolites, Palaeophycus, 
Arenicolites, Cylindrichnus, Ophiomorpha, and Conichnus, 
among many other forms. The presence, albeit restricted, of 
Chondrites, Zoophycos, and Phycosiphon suggests periods of 
f ully marine conditions. Teichichnus, Palaeophycus, Lingulichnus 
(Fig. 8.15a), Asteriacites (Fig. 8.15b), Protovirgularia (Fig. 
8.15b), and Lockeia (Fig. 8.15b) are common in tidal-flat 
areas; the latter three may display remarkable size reduction 
(Mangano et al., 1999; Mangano and Buatois, 2004a). 

Distal-bay deposits are mudstone-dominated, but con- 
tain a significant proportion of interbedded storm sandstones 
(MacEachern and Gingras, 2007). Sedimentologically and ichno- 
logically these deposits closely resemble offshore and offshore- 



transition deposits. The degree of bioturbation is highly variable. 
Low to moderate bioturbation indexes tend to be common 
because of high rates of sedimentation in comparison with off- 
shore deposits. However, intense bioturbation has been detected 
in some basins (Pemberton et al., 2001; Spila et al, 2005). 
Ichnodiversity varies from low to relatively high. Ichnotaxonomic 
composition is similar to that of proximal-bay deposits, but with a 
tendency to show lower proportions of elements of the Skolithos 
ichnofacies. As in the case of proximal-bay deposits, intervals 
containing less tolerant forms, such as Chondrites, Zoophycos, 
and Phycosiphon, are probably formed under fully marine con- 
ditions. Ichnodiversity levels commonly increase immediately 
above surfaces containing the Glossifungites ichnofacies, indicat- 
ing transgressive events (MacEachern e? a/., 1998, 1999c). 

8.3 DELTAS 



Deltas consist of discrete shoreline protuberances occurring 
where a river enters a standing body of water, supplying sedi- 
ments more rapidly than they can be redistributed by basin 
processes, such as tides and waves (Bhattacharya, 2006). In 
this section, we will restrict our discussion to marine deltas. 
In recent years, deltaic systems have become the focus of 
increased scrutiny and a growing volume of new information 
is emerging (e.g. Sidi et al., 2003; Giosan and Bhattacharya, 
2005; Bhattacharya, 2006). As discussed above (see Section 
8.1), ichnological information has been traditionally used to 
detect stresses associated with dilution of marine salinity in 
marginal-marine, brackish-water environments, most typically 
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Figure 8.13 Outcrop and core 
expression of ichnofaunas from 
restricted bays, (a) Irregularly bio- 
turbated heterolithic deposits con- 
taining Teichichnus rectus (Te), 
Planolites montanus {PI), and small 
Rosselia isp. {Ro). Note abundant 
mud drapes. Upper Devonian-Lower 
Carboniferous, Bakken Formation, 
southeastern Saskatchewan, cen- 
tral Canada. Core width is 7 cm. 
See Angulo and Buatois (2010). (b) 
Teichichnus rectus {Te) at the top 
of a sharp-based tempestite. Note 
associated tiny Planolites montanus 
{PI), synaeresis cracks (Sc), and mud 
drapes. Upper Devonian-Lower 
Carboniferous, Bakken Formation, 
southeastern Saskatchewan, cen- 
tral Canada. Core width is 7 cm. 
See Angulo and Buatois (2010). (c) 
Irregularly bioturbated heterolithic 
deposits containing Teichichnus rec- 
tus (Te) and Planolites montanus 
{PI). Note well-developed wavy 
bedding and mud drapes. Upper 
Devonian-Lower Carboniferous, 
Bakken Formation, southeastern 
Saskatchewan, central Canada. 
Core width is 7 cm. See Angulo 
and Buatois (2010). (d) Deep-tier 
vertical Siphonichnus eccacensis 
overprinted to a background ichno- 
fabric. Upper Devonian-Lower 
Carboniferous, Bakken Formation, 
southeastern Saskatchewan, cen- 
tral Canada. Core width is 7 cm. 
See Angulo and Buatois (2010). 

(e) Halopoa isp. with longitudinal stri- 
ations (arrow). Upper Carboniferous, 
Tupe Formation, Cuesta de Fluaco, 
Precordillera, Argentina. Scale bar is 
1 cm. See Desjardins et al. (2010b). 

(f) Rhizocorallium commune with 
rod-like pellets organized in a sprei- 
ten structure. Upper Carboniferous, 
Tupe Formation, Cuesta de Fluaco, 
Precordillera, Argentina. Scale bar is 
1 cm. See Desjardins et al. (2010b). 



estuarine deposits accumulated in incised valleys, resulting in 
the brackish-water model (Howard and Frey, 1975; Pemberton 
and Whightman, 1992; MacEachern and Pemberton, 1994; 
Buatois et a/., 2005) (see Section 6.1.4). However, there are rela- 
tively few studies that integrate ichnological information in the 
context of deltaic dynamics. Our understanding of the ichnol- 
ogy of deltas still suffers from several problems. One of these 
is the virtual absence of ichnological studies in modern deltas. 
In addition, some of these problems result from the incom- 
plete picture available from sedimentological studies. In par- 
ticular, while relatively detailed facies models are available for 



river- and wave-dominated deltas, the same is not true with 
respect to tide-dominated deltas (Willis, 2005). Unsurprisingly, 
tide-dominated deltas are also the least understood from an 
ichnological standpoint. Furthermore, while the brackish-wa- 
ter model is clearly of use in understanding ichnofaunas from 
embayment areas associated with the delta plain, its applic- 
ability in delta-front and prodelta settings is not straightfor- 
ward (MacEachern et al., 2005). 

MacEachern et al. (2005) discussed the most important envir- 
onmental controls and processes that represent stress factors 
in deltas. These factors result from the complex interplay of 
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Figure 8.14 Schematic reconstruc- 
tion of trace-fossil distribution in 
open bays. Ichnofaunas from open 
bays are more diverse than those in 
restricted bays. Bay-margin depos- 
its may contain Teichichnus (Te), 
Tlialassinoides (Th), Planolites (PI), 
Pataeophycus (Pa), Arenicolites (Ar), 
Cylindrichnus (Cy), Ophiomorpha 
(Op), Conichnus (Co), Asteriacites 
(At), Protovirgularia (Pr), Phyc- 
osiphon (PH), and Lockeia (Lo). 
Distal-bay deposits are ichno- 
logically similar to proximal-bay 
deposits, but may also include ich- 
notaxa that are even less tolerant of 
brackish-water conditions, such as 
Chondrites (Ch), Zoophycos (Zo), 
and Asterosoma (^.s). 




Figure 8.15 Ichnofaunas from 
open-bay deposits in outcrop. 
See Mangano and Buatois 
(2004b). (a) The lingulid dwelling 
trace Lingulichnus isp. on the 
base of a sandstone bed. Upper 
Carboniferous, Rock Lake Shale, 
Stanton Limestone, Lansing Group, 
quarry near Coleman Creek, south- 
east of Eudora, northeastern 
Kansas, United States. Scale bar is 1 
cm. (b) The ophiuroid resting trace 
Asteriacites lumbricalis (.4.s), and the 
bivalve traces Lockeia siliquaria (Lo) 
and Protovigularia rugosa (Pr) on the 
base of a sandstone bed. Note the 
small size of the compound bivalve 
trace fossil. Upper Carboniferous, 
Stull Shale, Kanwaka Shale 
Formation, Shawnee Group, road- 
cut along Country Road 6, south of 
Stull, northeastern Kansas, United 
States. 



fluvial, wave, and tidal processes. River-induced stresses include 
heightened sedimentation rates, water turbidity, salinity changes 
(freshets), episodic sediment gravity deposition, hyperpycnal 
flows, and phytodetrital pulses. Wave-induced stresses include 
wave energy levels, repeated erosion, and longshore drift. Tidal- 
induced stresses comprise clay flocculation and fluid-mud 
deposition. Identification of these stress factors is essential to 
distinguish deltas from prograding strandplains. In this section, 
we address the ichnology of river-, wave- and tide-dominated 
deltas, following the genetic classification of Galloway (1975). 
However, this framework works at its best when combined with 



other classification schemes, which take into consideration other 
factors, such as sediment caliper (Orton and Reading, 1993) 
and site of emplacement (Por^bski and Steel, 2006). In add- 
ition, most deltas are mixed, reflecting variable contributions of 
fluvial, wave, and tidal processes (e.g. Giosan et ai, 2005). 

8.3.1 RIVER-DOMINATED DELTAS 

River-dominated deltas arguably rank among the most stressful 
of all deltas. This is mostly due to the overwhelming predomin- 
ance of river-induced stresses. As a consequence, river-dominated 



Ichnology of marginal-marine environments 



166 




Delta front 



Overbank - Abandoned distributary channels 
(Subaerlal delta plain) 



Distributary channels 
(Subaqueous delta plain) 



Prodelta 



Interdistributary bays 



Figure 8.16 Schematic reconstruc- 
tion of trace-fossil distribution in 
river-dominated deltas. Abandoned- 
channel and overbank deposits of the 
subaerial delta plain typically contain 
Beaconites (Be), Taenidium (Ta), and 
root traces (Rt). Distributary-channel 
deposits of the subaqueous delta 
plain may contain Ophiomorpha (Op) 
and Skolithos (Sky, Teredotites (Tr) 
may occur in wood logs at the base 
of the channel. Interdistributary- 
bay deposits typically host Planolites 
(PI), Teichichnus (Te), Palaeophycus 
(Pa), and root traces (Rt). Delta-front 
deposits may contain Rosselia (Ro), 
Ophiomorpha (Op), Cylindridmus 
(Cy), and Thalassinoides(Th). Prodelta 
deposits typically exhibit Teichichnus 
( Te), Planolites (PI), Phycosiphon (Pli), 
Chondrites (Ch), Protovirgularia (Pr), 
and Gyrochorte (Gr). 



Box 8.3 Ichnology of a late Quaternary fan-delta complex, South Island, New Zealand 

Nearly continuous outcrops along the depositional strike of a late Quaternary fan delta in the South Island of New Zealand 
allows careful examination of its sedimentological and ichnological attributes. The complex consisted of a number of alluvial 
fans that prograded into the sea directly feeding small gravel and loess fan deltas separated by embayment areas. The embay- 
ment deposits consist of reworked loess, and sand and pebble forming bars. Trace fossils are remarkably well preserved, com- 
monly showing full three-dimensional relief No trace fossils occur in the subaerial fan delta-plain deposits, but marine biogenic 
structures are abundant in embayment, bar, and prodelta facies. Proximal deposits of the embayment contain abundant root 
trace fossils but not animal trace fossils, while distal loess deposits are characterized by the local presence of monospecific 
assemblages of Phycosiphon incertum, forming intensely bioturbated layers. Distal-embayment deposits also contain a trace- 
fossil association dominated by Diplocraterion parallelum with subordinate occurrences of other ichnotaxa, such as Asterosoma 
isp. and Piscichnus isp. The bar facies is also dominated by Diplocraterion parallelum; other trace fossils such as Arenicolites isp., 
Cylindrichnus concentricus, Skolithos linearis, and escape traces are locally abundant. Prodelta deposits are intensely bioturb- 
ated by poorly preserved specimens of Planolites montanus, with other ichnotaxa (e.g. Diplocraterion parallelum) locally present. 
A number of stress factors, such as salinity, interstitial oxygen, sediment composition and texture, hydrodynamic energy, and 
sedimentation rate, controlled the distribution of trace fossils in the fan-delta complex. Brackish water and reduced interstitial 
oxygen may have been limiting factors, particularly in the distal embayment, judging from the common occurrence of monospe- 
cific suites. This is consistent with limited circulation due to the presence of bars that partially isolated the embayment from the 
open sea. The presence of Phycosiphon incertum is restricted to fine-grained loess, indicating a strong substrate control. Loess 
cohesiveness may have allowed the Phycosiphon producer to keep its tunnel system open, allowing for respiration in poorly 
oxygenated substrate. High hydrodynamic energy in bar environments is suggested by the predominance of vertical burrows. In 
addition, high sedimentation rates in these settings are indicated by the presence of escape trace fossils. 

Reference: Ekdale and Lewis (1991b), and Lewis and Ekdale (1991). 



deltas tend to contain more depauperate ichnofaunas than wave- 
and tide-dominated deltas (Gingras et ah, 1998; MacEachern 
et al., 2005) (Fig. 8.16) (Box 8.3). Ichnofaunas from the subaerial 
delta plain consist of a combination of terrestrial and freshwater 



trace fossils because they record conditions in the portion of the 
delta that is located above the high tide. Therefore, distributary 
channel and overbank ichnofaunas closely resemble those of 
fluvial channels and overbanks of alluvial plains (see Section 
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Figure 8.17 Core expression of ichnofaunas from subaerial delta-plain deposits. Oligocene-Middle Miocene, Guafita Formation, Guafita Field, 
Apure, Venezuela, (a) The meniscate trace fossil Taenidium in red siltstone. Core width is 10 cm. (b) Close-up of Taenidiiim. Core width is 10 cm. (c) 
High-density of meniscate trace fossils in red siltstone. Core width is 10 cm. (d) Crevasse-splay sandstone (lower interval) and floodplain siltstone 
(upper interval). Note colonization by Taenidium and high intensity of bioturbation in the siltstone. Core width is 9 cm. 



10.2). Taenidium and Beaconites are typical components of the 
Scoyenia ichnofacies in these settings (Fig. 8.17a-d). Because 
of the high frequency of crevassing and overbank events, the 
Scoyenia ichnofacies tends to be common in the subaerial delta 
plain of river-dominated systems (e.g. Pollard, 1988). Bivalve 
(Lockeia) and xiphosurid (Kouphichnium and Selenichnites) 
trace fossils may occur also (Eagar et ah, 1985). However, dur- 
ing times of reduced or no discharge, the salt wedge may extend 
upstream, generating brackish-water conditions across the delta 
plain and colonization by elements of the mixed depauperate 
Cruziana and Skolithos ichnofacies (e.g. Corbeanu et al., 2004; 
Garrison and van der Berg, 2004). 

Brackish-water conditions are persistent in the proximal 
regions of deltas, particularly the subaqueous delta plain, 
interdistributary bays, and the distributary mouth bars at the 
proximal delta front (MacEachern et al., 2005). Ichnofaunas 
in these subenvironments basically display the diagnostic fea- 
tures outlined by the brackish-water model (see Section 6. 1 .4). 
Bioturbation is remarkably sparse and ichnodiversity levels 
are very low. Ophiomorpha and Diplocraterion occur locally 
in abandoned delta-plain distributary-channel, abandoned 



terminal distributary-channel and mouth-bar sandstone 
(e.g. Hobday and Tavener-Smith, 1975). Retrusive forms of 
Diplocraterion may be common, indicating high sedimentation 
rates (e.g. Turner et al., 1981). Logs with Teredolites are com- 
mon on channel floors (e.g. MacEachern et ah, 2005). Escape 
trace fossils may occur locally reflecting rapid sedimentation 
within the channels. Interdistributary-bay mudstone commonly 
contains Planolites and Teichichnus as dominant components, 
typically associated with synaeresis cracks. Root traces record 
the presence of waterlogged paleosols in swamp areas. 

Periodic salinity fluctuations due to freshwater input from 
rivers (freshets of MacEachern et al, 2005) may take place in 
more distal areas, and, in fact, play a major role in delta-front 
and prodelta environments. As a result, even in these distal set- 
tings, ichnofaunas from river-dominated deltas are impoverished. 
Freshets are typically revealed by the association of synaeresis 
cracks, siderite bands and nodules, and depauperate occurrences 
of the Cruziana ichnofacies (MacEachern et al., 2005). Low ichn- 
odiversity of individual suites (Fig. 8.1 8a-b) reveals a stress factor 
due to reduced salinity, and allows distinction from non-deltaic 
strandplain-shoreface successions. However, the local occurrence 




Figure 8.18 Outcrop expression of ichnofaunas from river-dominated delta-front and prodelta deposits, (a) Teichichnus rectus with well-defined 
causative burrow in prodelta siltstone-rich deposits. Upper Carboniferous, Westward Ho! Formation, Bideford Group, north Devon coast, south- 
western England, (b) Bedding-plane view of a monospecific suite of Teichichnus rectus in prodelta siltstone-rich deposits. Upper Carboniferous, 
Westward Ho! Formation, Bideford Group, north Devon coast, southwestern England. Scale bar is 1 cm. (c) Escape trace fossils (arrow) in prodelta 
siltstone-rich deposits. Note overlying unburrowed fluid mudstone. Upper Carboniferous, Westward Ho! Formation, Bideford Group, north Devon 
coast, southwestern England. Lens cover is 5 cm. (d) Rosselia chonoides in delta-front turbidites. Upper Cretaceous, Panther Tongue, Star Point 
Formation, Gentile Wash, near Price, Book Clilfs, eastern Utah, United States. See Bhattacharya et al. (2007). (e) Vertical Ophiomorpha nodosa in 
delta-front turbidites. Upper Cretaceous, Panther Tongue, Star Point Formation, Gentile Wash, near Price, Book Cliff's, eastern Utah, United States. 
See Bhattacharya et al. (2007). (f) Protovirgularia isp. in prodelta-lobe deposits. Upper Cretaceous, Kennilworth Member, Blackhawk Formation, 
Hatch Mesa, Book Cliffs, eastern Utah, United States. Scale bar is 1 cm. (g) Gyrochorte isp. in prodelta-lobe deposits. Upper Cretaceous, Kennilworth 
Member, Blackhawk Formation, south entrance to Tusher Canyon, Book Cliffs, eastern Utah, United States. Scale bar is 1 cm. (h) Skolithos isp. in 
coarse-grained fan-delta front deposits. Upper Cretaceous, Hidden Lake Formation, Bajo de la Angustia, James Ross Island, Antarctica. Scale bar 
is 1 cm. See Buatois and Lopez Angriman (1992a). (i) Palaeophycus tuhularis in coarse-grained fan-delta front deposits. Upper Cretaceous, Hidden 
Lake Formation, Bajo de la Angustia, James Ross Island, Antarctica. Lens cover is 5 cm. See Buatois and Lopez Angriman (1992a). 
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of ichnotaxa more typical of open-marine environments (e.g. 
Phycosiphon, Chondrites) suggests periods of normal-marine sal- 
inity that alternated with dilution due to fluvial discharge. 

In addition to freshwater discharge, water turbidity repre- 
sents another stress factor in river-dominated deltas (see Section 
6.1.8). Deltas that developed under hypopycnal conditions are 
commonly characterized by buoyant plumes leading to rapid 
flocculation of clays (Bates, 1953; Wright, 1977; Kineke et al., 
1996). High suspended loads of fine-grained material related 
to river influx clog the filter-feeding apparatus of suspension 
feeders, therefore resulting in an impoverishment or direct 
suppression of the Skolithos ichnofacies (Gingras et al. 1998; 
MacEachern et al. 2005). In addition, accumulation of fluid 
muds in distal delta fronts and prodeltas imparts a substrate 
stress by reducing boundary shear stress, preventing benthic 
organisms from constructing permanent structures or actively 
backfill tunnels (see Section 6.1.2). Sediment swimming is the 
only possible strategy in these soupy substrates (Schieber, 2003). 
Even in the case that benthic organisms are able to burrow into 
these substrates, preservation of these structures is unlikely 
(Ekdale, 1985). As a result, fluid mud is typically unbioturbated 
or, more rarely, contains “mantle and swirl” biogenic structures 
(Schieber, 2003; Bhattacharya and MacEachern, 2009). 

The delta front and prodelta of river-dominated deltas is 
also influenced by rapid rates of sedimentation. Under hyper- 
pycnal conditions, underflow currents move off river mouths 
along the sea floor. Underflow triggering is particularly com- 
mon at the mouth of small- to medium-sized rivers (Mulder 
and Syvitski, 1995). Hyperpycnal flows are commonly condu- 
cive to rapid deposition. Also, rapid rates of sedimentation are 
associated with sediment gravity flows produced by delta-front 
bar failure. In both situations, colonization of the substrate 
by benthic organisms is inhibited or reduced due to a combin- 
ation of rapid deposition and high frequency of sedimentation 
events (MacEachern et al, 2005). As a consequence, these rap- 
idly emplaced layers tend to be sparsely bioturbated, may con- 
tain escape trace fossils (Figs. 8.18c and 8.19e), and commonly 
display a colonization surface at the top of the event bed (Fig. 
8. 1 8d-e). The low degree of bioturbation of these event beds may 
contrast with the more intense bioturbation of associated finer- 
grained deposits if background sedimentation rate is not high 
(Fig. 8.19a). Under more continuous deposition from river-fed 
density underflows, ichnological evidence indicates animal activ- 
ity contemporaneous with sedimentation instead of colonization 
after a major break in deposition. Highly compressed specimens 
of Thalassinoides filled with parallel-laminated sand may occur 
in sandy hyperpycnites, suggesting high rates of sedimentation 
and emplacement of water-saturated sand (Buatois et al., 2011) 
(Fig. 8.19b). Associated trace fossils are Teichichnus (Fig. 8.19c) 
and Diplocraterion (Fig. 8.19d). In some case, lobes may consist 
of a complex facies mosaic of classic turbidites, sandy hyper- 
pycnites, wave-modified turbidites, and storm-generated beds 
(Pattison, 2005; Pattison et al., 2007). Common ichnogenera 
in these deposits are Protovirgularia (Fig. 8.181), Palaeophycus, 
Skolithos, Gyrochorte (Fig. 8.18g), Phycosiphon, and Rosselia 



(Buatois et al, 2010b). MacEachern et al. (2005) noted that 
hyperpycnal events are commonly linked to freshets and increased 
phytodetrital influx (Fig. 8.19e) creating a whole set of stress fac- 
tors to benthic life. In turn, phytodetrital pulses are linked to 
oxidation of organic carbon and oxygen depletion. It is therefore 
unsurprising that Chondrites is one of the dominant forms in 
many river-dominated prodelta mudstones (MacEachern et al, 
2005). Freshwater discharge may be extreme in glaciated basins 
significantly affecting coastal ecosystems (see Section 8.4). 

The importance of sediment caliper in deltaic depositional sys- 
tems has long been recognized (Orton and Reading, 1993). In the 
case of coarse-grained systems, such as fan deltas, high-energy 
conditions, high rates of sedimentation and dominance of coarse 
grain size are major factors leading to reduced diversity and bio- 
turbation restricted to localized levels (e.g. Ekdale and Lewis, 
1991b; Buatois and Lopez Angriman, 1992a) (Fig. 8.18h-i). 
However, Ekdale and Lewis (1991b) noted relatively high diver- 
sity levels in bar deposits of a gravel and loess fan-delta com- 
plex (Box 8.3). Robust dwelling structures (e.g. Thalassinoides, 
Ophiomorpha) seem to be the dominant components of fan- 
delta ichnofaunas (e.g. Buatois and Lopez Angriman, 1992a; 
Siggerud and Steel, 1999). Fan-delta plain deposits are typically 
unbioturbated (Ekdale and Lewis, 1991b). 

8.3.2 WAVE-DOMINATED DELTAS 

In terms of the importance of stress factors, wave-dominated del- 
tas rank among the least stressful of all deltaic systems (Fig. 8.20) 
(Box 8.4). In fact, distinction of wave-dominated delta front and 
prodelta from wave-dominated strandplain deposits is exceedingly 
difficult and the precise depositional setting of many successions 
remains controversial (e.g. Howell and Flint, 2003; Bhattacharya 
and Giosan, 2003; Bhattacharya, 2006). Ichnofaunas from the 
subaerial delta plain are identical to those from river-dominated 
deltas (see Section 8.3.1), although frequency of crevassing and 
overbank events is lower and, therefore, the Scoyenia ichnofacies 
is not as widespread. 

The subaqueous delta plain is by far the most stressful set- 
ting in wave-dominated deltas. Distributary-channel and inter- 
distributary-bay deposits are sparsely bioturbated and contain 
typical brackish-water assemblages. In fact, distributary-chan- 
nel deposits are commonly unbioturbated; Ophiomorpha (Fig. 
8.21a) and Skolithos may locally occur at colonization surfaces 
typically reflecting pauses in sedimentation or channel aban- 
donment. Escape trace fossils may occur also. Interdistributary- 
bay deposits contain suites that reflect lower-energy conditions. 
Planolites (Fig. 8.21b), Palaeophycus, Teichichnus (Fig. 8.21b), 
and root trace fossils (Fig. 8.21c) are the dominant components 
in protected bay areas. Rosselia (Fig. 8.21d) and Cylindrichnus 
may be present locally. Subaqueous delta-plain assemblages 
display all the characteristics of brackish-water ichnofaunas, 
namely low ichnodiversity, forms typically found in marine 
environments, dominance of infaunal traces rather than epi- 
faunal trails, simple structures produced by trophic generalists, 
mixture of vertical and horizontal traces from the Skolithos 
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Figure 8.19 Core expression of ich- 
nofaunas from river-dominated 
delta-front and prodelta deposits, 
(a) Proximal-prodelta sharp-based 
sparsely bioturbated event sandstone 
layer interbedded with intensely 
bioturbated finer-grained deposits 
containing a trace-fossil suite domi- 
nated by Teichichnus rectus. Middle 
Jurassic, Plover Formation, Sunrise 
and Troubadour fields, Timor Sea, 
northern Australia. Core width is 
10 cm. (b) Flighly compressed, mud- 
lined Thalassinoides isp. showing 
infill with passive parallel lamination 
in sandy hyperpycnal-lobe depos- 
its. Upper Cretaceous, Magallanes 
Formation, Estancia Agua Fresca 
area. Austral Basin, southern 
Patagonia, Argentina. Core width 
is 10 cm. See Buatois et at. (2011). 
(c) Retrusive Teichichnus isp. in sandy 
hyperpycnal-lobe deposits. Upper 
Cretaceous, Magallanes Formation, 
Estancia Agua Fresca area. Austral 
Basin, southern Patagonia, Argentina. 
Core width is 10 cm. See Buatois 
et at. (2011). (d) Long U-shaped 
Dipiocraterion isp. burrows in sandy 
hyperpycnal-lobe deposits. Upper 
Cretaceous, Magallanes Formation, 
Estancia Agua Fresca area. Austral 
Basin, southern Patagonia, Argentina. 
Core width is 10 cm. See Buatois 
et at. (201 1). (e) Escape trace fossils in 
distal delta-front deposits. Note more 
intense bioturbation in underlying 
mudstone. Thin dark lamina of car- 
bonaceous detritus record phytodetri- 
tal pulses. Upper Cretaceous, Ferron 
Sandstone, Ivie Creek #3, Ivie Creek 
area, eastern Utah, United States. 
Core width is 9 cm. See MacEachern 
etai. (2007b). 



and Cruziana ichnofacies, abundance of some ichnotaxa, and 
presence of monospecific suites (see Section 6.1.4). 

Proximal to distal delta-front deposits of wave-dominated 
deltas are commonly characterized by a combination of the 
Skolithos and Cruziana ichnofacies (MacEachern et ah, 2005). 
As in the case of river-dominated deltas, Ophiomorpha is com- 
mon in terminal distributary-channel deposits (Fig. 8.21e). 
Some detritus-feeding traces (e.g. Cylindrichnus) are compo- 
nents of the Skolithos ichnofacies in proximal delta-front depos- 
its. Impoverishment of the Skolithos ichnofacies rather than 



suppression seems to be the norm in wave-dominated deltas 
in contrast to more stressful river-dominated ones. In storm- 
dominated settings, periodic fluvial discharges alternate with 
storm events and suspension fallout, leaving diagnostic ichno- 
logical signatures in the deposits. Repeated storm events rank 
among the most important controlling factors in these deltas. 
Storm-infiuenced clastic deposits comprise two contrasting 
trace-fossil assemblages that reflect the behavioral response 
of the benthic fauna that developed under two successive and 
contrasting environmental conditions (see Section 7.1). The 
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Figure 8.20 Schematic reconstruction 
of trace-fossil distribution in wave- 
dominated deltas. As in the case of 
river-dominated deltas, abandoned- 
channel and overbank deposits of the 
subaerial delta plain typically contain 
Beaconites (Be), Taenidium (Ta), and 
root traces (Rt). Distributary-channel 
deposits of the subaqueous delta plain 
may contain Ophiomorpha (Op) and 
Skolithos (Sk). Interdistributary-bay 
and lagoonal deposits typically dis- 
play Planolites (PI), Teichichnus (Te), 
Palaeophycus (Pa), and root traces 
(Rt). Delta-front deposits may con- 
tain Rossetia {Ro), Ophiomorpha(Op), 
Cylindrichnus (Cy), Thalassinoides 
(Th), Palaeophycus (Pa), Diplocr- 
aterion (Di), Phycosiphon (Ph), and 
Arenicolites (Ar). Prodelta depos- 
its exhibit various ichnotaxa, such 
as Teichichnus (Te), Planolites (PI), 
Phycosiphon (Ph), Chondrites (Ch), 
Protovirgularia (Pr), Zoophycos (Zo), 
Trichichnus (Tr), Asterosoma (As), 
Thalassinoides (Th), Palaeophycus 
(Pa), and Gyrochorte (Gr). 



Box 8.4 Ichnology of a Lower Miocene wave-dominated delta in the subsurface of the Eastern Venezuela Basin 

The Eastern Venezuela Basin hosts a number of deltaic sandstones that have been intensely explored petroleum targets. Detailed 
ichnological and sedimentological observations in cores allow the interpretation of Lower Miocene deposits in the Tacata field as 
the result of progradation of a wave-dominated delta complex. Repeated storms were one the most important controlling factors 
on the front of the Tacata deltas and on the lower/middle shoreface of associated strandplains. Amalgamated, thick-bedded storm 
deposits are typically unburrowed or contain deep vertical Ophiomorpha (Fig. 8.22a). Delta-front and prodelta deposits, although 
being characterized by sparse bioturbation and depauperate trace-fossil suites (Fig. 8.22b-c), contain some ichnotaxa that typ- 
ically do not occur in brackish-water settings, such as Chondrites and Phycosiphon (Fig. 8.22d). Preservation of very thin storm 
layers was regarded as more common of wave-dominated deltas than of strandplain systems because deltaic stresses preclude the 
establishment of an abundant infauna that otherwise would have completely reworked such thin sandstone layers. Tidal infiuence 
was subordinate and restricted to distributary-channel and, particularly, interdistributary-bay deposits. Interdistributary-bay 
deposits are sparsely bioturbated and their ichnofaunas, typically dominated by Teichichnus (Fig. 8.21b) and Planolites, tend to 
display all the characteristics expected from brackish-water settings. Distributary-channel deposits are sparsely bioturbated, but 
the presence of certain ichnotaxa (e.g. Ophiomorpha', Fig. 8.21e) allows distinction from freshwater fluvial channels. Ichnological 
evidence has been essential to differentiate between deltaic and associated along-strike strandplain-shoreface successions, and to 
detect possible delta asymmetry. In particular, Scolicia ichnofabrics (Fig. 8.22e-f) are restricted to fully marine offshore deposits 
that accumulated on the updrift side of the river mouths. Associated fully marine deposits are also characterized by an overall 
increase in ichnodiversity and degree of bioturbation (Fig. 8.22g). This study illustrates how ichnological data used in conjunction 
with sedimentological evidence helps to identify deltaic signatures that otherwise may remain undetected. 

Reference: Buatois et al. (2008). 



resident, fair-weather trace-fossil assemblage records the estab- 
lishment of a benthic community developed under stable and 
rather predictable conditions, and commonly belongs to the 
Cruziana ichnofacies. The storm-related trace-fossil assem- 
blage reflects colonization after storm deposition and records 
the establishment of an opportunistic community, commonly 



represented by the Skolithos ichnofacies (Fig. 8.23a-b). Deep, 
vertical Ophiomorpha, Cylindrichnus, Rosselia, Palaeophycus, 
Arenicolites, Diplocraterion, Skolithos, robust Thalassinoides, 
and escape trace fossils are common components in delta fronts 
of wave-dominated deltas characterized by frequent and intense 
storm events. In these settings the fair-weather suite is poorly 
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Figure 8.21 Outcrop and core 
expression of ichnofaunas from 
subaqueous delta-plain and ter- 
minal distributary-channel depos- 
its in wave-dominated deltas, 
(a) Ophiomorpha isp. at the top 
of a distributary-channel deposit. 
Upper Miocene, Urumaco 
Formation, Urumaco River, north- 
west Venezuela. Pen is 15 cm. (b) 
Sparsely bioturbated interdistribu- 
tary bay/lagoonal deposits contain- 
ing a low-diversity trace-fossil suite 
dominated by Teichichnus rectus 
(arrows). Lower Miocene, Tacata 
Field, Eastern Venezuela Basin. 
Core width is 7 cm. See Buatois et 
at, (2008). (c) Root trace fossils in 
crevasse-splay deposits in an inter- 
distributary bay. Upper Miocene, 
Urumaco Formation, Urumaco 
River, northwest Venezuela. Pen is 15 
cm. (d) Interdistributary-bay depos- 
its containing a low-diversity suite 
dominated by Rosselia isp. (Ro). 
Teichichnus rectus (Te) and Planolites 
montanus (PI) are also abun- 
dant. Upper Permian, San Miguel 
Formation, Mallorquin # 1 core, 
Paraguay. Core width is 8 cm. (e) 
Ophiomorpha nodosa in terminal 
distributary-channel deposits. Lower 
Miocene, Tacata Field, Eastern 
Venezuela Basin. Core width is 7 cm. 
See Buatois et al, (2008). 



developed or directly absent and the storm-related suite domi- 
nates. Storm-dominated delta-front deposits formed under less 
frequent and intense events display a laminated to burrowed 
pattern (lam-scram), and are characterized by the alternation of 
the storm-related and fair-weather assemblages (Fig. 8.23c-f). 
The storm-related suite is similar to that of strongly storm-dom- 
inated types. Rosselia, Planolites, Palaeophycus, Teichichnus, 
Phycosiphon, Chondrites, “Terebellina”, Cruziana, Rusophycus, 
Dimorphichnus, Rhizocoralliwn, Gyrochorte, and Thalassinoides 
are common components of the fair-weather suite. Some ich- 
nogenera, such as Chondrites, Phycosiphon (Fig. 8.24a) and 
Thalassinoides (Fig. 8.24b) can penetrate relatively deep into 
storm sandstone beds. This suite becomes more diverse in the 
distal delta front (Fig. 8.24c-d). Overall, ichnofaunas from wave- 
dominated delta fronts are relatively diverse and very similar to 
those from shoreface settings (see Section 7.1). 

The prodelta of wave-dominated deltas is commonly char- 
acterized by the alternation of suspension fall-out silt and clay 



during fair-weather times and sand emplacement during storms. 
In general, prodelta deposits contain diverse trace-fossil assem- 
blages of the Cruziana ichnofacies, including Rosselia (Fig. 8.24e), 
Asterosoma, Cylindrichnus, Planolites, Palaeophycus, Teichichnus, 
Helminthopsis, Chondrites, Phycosiphon(Fig.^.24r),“Terebe\\ma’\ 
Cruziana, Rusophycus, Dimorphichnus, Rhizocorallium, Phycodes, 
Gyrochorte, Zoophycos, Taenidium, and Thalassinoides {Fig. 8.23g) 
as common elements. Escape trace fossils may occur in distal 
storm beds (Fig. 8.24g). 

In any case, the sporadic occurrence of other stress factors 
related with fluvial discharge (e.g. freshets, high sedimentation 
rates), although not as significant as in river-dominated deltas, 
still imparts a signature in the ichnological record. As noted 
by MacEachern et al. (2005), the juxtaposition of “open mar- 
ine ichnogenera” (e.g. Zoophycos, Phycosiphon, “Terebellina”, 
Chondrites) and stressed suites (e.g. dominated by Teichichnus or 
Planolites) seems to be particularly typical of distal delta-front 
and proximal prodelta settings. In addition to ichnodiversity, the 
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Figure 8.22 Contrasting trace- 
fossil assemblages in deltaic 
and strandplain shorelines, (a) 
Ophiomorpha representing the 
storm-related suite of prox- 
imal delta-front deposits. Lower 
Miocene, Tacata Field, Eastern 
Venezuela Basin. See Buatois et al. 
(2008). (b) Trichichnus isp. (7>) col- 
onizing a distal-prodelta tempest! te. 
Asterosoma isp. (As) represents 
the re-establishment of the back- 
ground suite, (c) Diplocraterion 
isp. colonizing hummocky bed 
in distal delta-front deposits. 

(d) Proximal-prodelta deposits 
displaying unburrowed to sparsely 
bioturbated hummocky cross- 
stratified very fine-grained sand- 
stone with synaeresis cracks and 
high-density suite of Phycosiphon 
incertum in fair-weather mudstone. 

(e) Scolicia isp. displaying char- 
acteristic backfill in fully marine 
offshore deposits. Note trace-fossil 
emplacement within the storm 
sandstone and at the sandstone- 
mudstone interface. (1) Scolicia 
isp. concentrated at the top of 
the offshore storm sandstone 
layer, (g) Intensely bioturbated 
lower-offshore deposits displaying 
Thalassinoides isp. (Th), Zoophycos 
isp. (Zo), Teichichnus isp. (Te), and 
Palaeophycus isp. (Pa). Core widths 
are 7 cm. 



degree of bioturbation shows some departures from that typical 
of non-deltaic fully marine settings. Intensity of bioturbation in 
prodelta and delta-front deposits may range from low to mod- 
erate. This results In the common preservation of very thin tem- 
pestites that otherwise would have been totally destroyed by the 
infauna under fully marine conditions. The links between bio- 
turbation and event-bed preservation have been analyzed by 
Wheatcroft (1990), who noted that if the transient time (i.e. time 
required to advect the signal through the biologically active zone) 
is less than the dissipation time (i.e. time required to destroy the 
event bed), then some evidence of the event layer should be pre- 
served in the stratigraphic record (see Section 7.1). Locally, higher 



degrees of bioturbation are attained in diserete layers dominated 
by fully marine iehnotaxa, indicating times of little deltaic influ- 
ence. Wave-dominated settings do not seem to be conducive to 
emplacement of fluid muds. However, distal delta-front and 
proximal prodelta deposits may locally display unbioturbated, 
dark gray mudstone layers that may reflect fluid-mud sedimenta- 
tion, and the influence of deltaic-related buoyant plumes. 

Integration of ichnological and sedimentological data 
may help to detect asymmetry in wave-dominated deltas. 
Bhattacharya and Giosan (2003) noted that in wave-dominated 
settings with strong longshore drift currents, an asymmet- 
ric delta may result due to preferential sediment movement 
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Figure 8.23 Idmofaunas in out- 
crops of wave-dominated delta-front 
and prodelta deposits, (a) Deep 
Skolithos in distal delta-front tem- 
pestite. Upper Cretaceous, Ferron 
Sandstone, Ivie Creek, eastern 
Utah, United States. Scale bar is 10 
cm. See Bhattacharya et al. (2007). 
(b) Vertical Ophiomorpha in distal del- 
ta-front tempestite. Upper Miocene, 
Urumaco Formation, Quebrada 
Bejucal, northwest Venezuela. Scale 
bar is 5 cm. (c) Intensely burrowed 
fair-weather deposit overlain by a 
sharp-based sparsely bioturbated 
hummocky cross-stratified sand- 
stone emplaced in a proximal delta 
front. Pliocene, Caleta Godoy 
Formation, Mar Brava, near 
Carelmapu, southern Chile. Pencil 
is 15 cm. (d) Close-up of a specimen 
of Ophiomorpha nodosa penetrat- 
ing deep into a proximal delta-front 
hummocky layer. Pliocene, Caleta 
Godoy Formation, Mar Brava, near 
Carelmapu, southern Chile. Scale bar 
is 1 cm. (e) General view of sparsely 
bioturbated thick hummocky cross- 
stratified sandstone formed in a 
proximal delta front. Pliocene, Caleta 
Godoy Formation, Mar Brava, near 
Carelmapu, southern Chile. Scale bar 
is 10 cm. (f) Close-up of (e) showing 
Ophomorpha nodosa (Op), patches 
of Schauhcylindrichnus coronas (Sc), 
Thalassinoides suevicus (Th), and 
Planolites beverleyensis (PI) com- 
monly reworking crustacean bur- 
rows. (g) Deep vertical Thalassinoides 
penetrating into proximal-prodelta 
deposits. Upper Miocene, Urumaco 
Formation, Urumaco River, north- 
west Venezuela. Scale bar is 10 cm. 



downdrift of the distributary mouth. Delta asymmetry is com- 
monly refleeted by trace-fossil distribution with suites display- 
ing a strong deltaic signature downdrift, but with establishment 
of strandplain shorefaee eomplexes having more marine, less 
stressed suites in an updrift direction (MacEachern et al., 2005; 
Hansen and MacEachern, 2007; Buatois et al., 2008). 

8.3.3 TIDE-DOMINATED DELTAS 

In comparison with river- and wave-dominated deltas, tide- 
dominated deltas are less understood from both sedimento- 
logical and ichnologieal viewpoints (Fig. 8.25). The subaerial 
delta plain is similar in terms of ichnologieal content to that 
of river- and wave-dominated settings and is dominated by 
structures produced by freshwater and terrestrial elements. 



The subaqueous delta plain combines a set of stress factors, 
mostly consisting of clay flocculation and fluid-mud deposition 
(MacEachern et al., 2005). Distributary-ehannel deposits are 
sparsely bioturbated, and trace fossils eommonly oceur along 
surfaces that reflect colonization windows during slack-water 
periods. Diplocraterion, Ophiomorpha, and Planolites are com- 
mon components, the latter typically present along mud drapes 
(e.g. Martinius et ah, 2001). Retrusive forms of Diplocraterion 
tend to be dominant, reflecting equilibrium behaviors under 
relatively high rates of sedimentation (e.g. Martinius et al., 
2001 ; MacEachern et al., 2005). Some tide-dominated distribu- 
tary channels, however, are the site of fluid-mud emplacement 
and are, therefore, unbioturbated (e.g. Dalrymple et al., 2003). 
Interdistributary-bay deposits are dominated by Teichichnus 
and Planolites, eommonly associated with synaeresis cracks. 
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Box 8.5 Ichnology of Lower Miocene delta-front and prodelta deposits of a tide-dominated delta of Patagonia, Argentina 

Excellent deltaic outcrops of the Lower Miocene Chenque Formation are exposed along cliff areas near Caleta Olivia, 
Patagonia, Argentina. Their ichnological and sedimentological study allows recognition of clear tidal signatures in prodelta and 
delta-front deposits, which are stacked forming a progradational coarsening-upward succession. Lleterolithic prodelta deposits 
with lenticular and wavy bedding are sparsely bioturbated and display sporadic distribution of trace fossils. Deposit-feeder 
structures, such as Planolites montanus (Fig. 8.26a), Protovirgularia isp. (Fig. 8.26b), and Teichichnus rectus, are dominant, rep- 
resenting an impoverished expression of the Cruziana ichnofacies. Flaser-bedded sandstone characterizes the prodelta-delta 
front transition. These deposits are almost completely obliterated by equilibrium/adjustment trace fossils of large bivalves 
(Atrina) (Fig. 8.26c and d). Associated trace fossils are Nereites missouriensis, Teichichnus rectus (Fig. 8.26e), Phycosiphon 
incertum (Fig. 8.26f), Thalassinoides isp. (Fig. 8.26f), and Schaubcylindrichnus freyi. Trough and planar cross-stratified distal 
delta-front sandstone is dominated by large Rosselia socialis and Macaronichnus segregatis (Fig. 8.26g). The associated mud 
drapes blanketing the sandstone foresets commonly contain Nereites missouriensis and Protovirgularia isp. Proximal delta- 
front deposits are characterized by sigmoidal cross-stratification and very sparse bioturbation, represented by Macaronichnus 
segregatis and isolated specimens of Rosselia socialis. Changes in salinity, water turbidity, fluid mud substrates, and fluctua- 
tions in energy and in sedimentation rates are among the most important stress factors that affected these deltaic infaunal 
communities. Overall, this ichnofauna is characterized by shallow-tiered communities, impoverished trace-fossil assemblages, 
dominance of deposit-feeder structures, and inhibition of suspension-feeder elements. This study helps to explain how tide- 
influenced deltaic ichnofaunas are shaped by the relative influence of the different stress factors. 

References: Carmona et al. (2009). 



Root traces occur in interdistributary-bay deposits and at the 
top of channel-abandonment successions. In general, ichno- 
faunas from the subaqueous delta plain of tide-dominated 
deltas follow the tenets of the brackish-water model (see 
Section 6.1.4). 

Delta-front and prodelta environments contain repre- 
sentatives of the Cruziana ichnofacies, including Gyrochorte, 
Thalassinoides, Phycosiphon, Chondrites, Siphonichnus, 
Diplocraterion, Teichichnus, Palaeophycus, Planolites, and 
Rhizocorallium, among other ichnotaxa (Mcllroy, 2004b, 
2007b; MacEachern et al., 2005; Carmona et al., 2008, 2009) 
(Box 8.5). Equilibrium structures {Rosselia, bivalve adjust- 
ment structures) are rather common (Carmona et al., 2008, 
2009). High-energy subtidal sandbars and dunes are either 
unbioturbated or contain elements of the Skolithos ichno- 
facies, such as Skolithos and Diplocraterion, reflecting short- 
term colonization windows during breaks in sedimentation. 
Mud drapes along foresets are sparsely bioturbated, and typ- 
ically contain Planolites. Synaeresis cracks occur locally prob- 
ably in relation with salinity fluctuations (MacEachern et al., 
2005). Ichnodiversity levels in tide-dominated delta-front and 
prodelta environments are poorly understood. MacEachern 
et al. (2005) summarized known occurrences and noted size 
reduction, sparse bioturbation, and low diversity levels, with 
trace fossils concentrated along pause planes. In contrast, 
Mcllroy (2004b) documented relatively diverse ichnofaunas 
in a case study of deltaic ichnology. Nevertheless, there is gen- 
eral agreement that tide-dominated delta fronts and prodel- 
tas are less diverse than their wave-dominated counterparts 
(Mcllroy, 2004b; MacEachern et al., 2005). However, ichno- 
diversity levels seem to be higher than in river-dominated del- 
tas (Mcllroy, 2007b). 



8.4 FJORDS 



Fjords are deep, high-latitude estuaries that have been excavated 
or modified by land-based ice (Syvitski et al., 1987). The ichnol- 
ogy of fjords remains poorly explored, with only a few papers 
dealing with modern (e.g. Aitken et al., 1988), Cenozoic (e.g. 
Eyles et al., 1992; Corner and Fjalstad, 1993), and late Paleozoic 
(e.g. Nogueira and Netto, 2001; Buatois and Mtogano, 2003b; 
Balistieri et al., 2002, 2003; Gandini et al., 2007; Buatois et al., 
2006a, 2010a; Schatze/a/., 2011) examples (Fig. 8.27). However, 
ichnological evidence is essential to resolve paleoenvironmental 
interpretations in fjord successions, commonly representing the 
only available biological data because of the low preservation 
potential of shelly faunas in marine environments adjacent to 
glaciated margins (Aitken, 1990). 

Fjords include a wide variety of environmental stresses that 
affect benthic colonization, including extreme salinity dilution, 
high rates of sedimentation, variable degree of substrate con- 
solidation, oxygen-depleted conditions, high water turbidity, 
and intense storm activity. In polar areas, seasonal light restric- 
tion and floating ice masses contributing to ice-rafted debris 
rainfall may be important stress factors. 

Salinity dilution is undoubtedly one of the most sig- 
nificant stress factors because fjords are characterized by 
strong meltwater discharge issuing from seasonal glacial 
melting. Increased precipitation and runoff during summer 
lead to reduced salinity (e.g. Feder and Reiser, 1980). As a 
result, most Cenozoic and Holocene fjords are dominated 
by brackish-water ichnofaunas (Eyles et al., 1992; Corner 
and Fjalstad, 1993). High freshwater discharges due to gla- 
cier melting and associated catastrophic outburst floods are 
known for a number of glaciated margins, such as the Baltic 





Figure 8.24 Core expression of ichnofaunas from wave-dominated delta-front and prodelta deposits, (a) Phycosiphon penetrating into a hummocky 
cross-stratified sandstone emplaced in the proximal delta front. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, 
northern Australia. Core width is 10 cm. (b) Distal delta-front sandstone tempestite containing deeply emplaced Thalassinoides isp. {Th). Chondrites 
isp. (Ch) occurs in associated fair-weather deposits. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. 
Core width is 10 cm. (c) Distal delta-front heterolithic deposits containing a diverse fair-weather trace-fossil suite consisting of Teichichnus rectus (7h), 
Ophiomorpha nodosa (Op), Palaeophycus isp. (Pa), Thalassinoides isp. (Th), and Planolites isp. (PI). Note the presence of an overlying sharp-based 
storm sandstone bed. Upper Cretaceous, Ferron Sandstone, Ivie Creek #11, Ivie Creek area, eastern Utah, United States. Core width is 9 cm. See 
MacEachern et al. (2007b). (d) Sparsely bioturbated to locally moderately bioturbated distal delta-front deposits containing well-defined Chondrites. 
Upper Cretaceous, Ferron Sandstone, Muddy Creek #11, Muddy Creek area, eastern Utah, United States. Core width is 9 cm. See Pemberton et 
al. (2007). (e) Rosselia isp. in thin storm sandstone layers emplaced in a proximal prodelta. Upper Permian, San Miguel Formation, Mallorquin # 
1 core, Paraguay. Core width is 8 cm. (f) Phycosiphon penetrating into a distal sandstone tempestite emplaced in a proximal prodelta. Note associ- 
ated mud drapes indicative of tidal influence, load cast at the base of an overlying tempestite, and unbioturbated mudstone units interpreted as fluid 
muds. Middle Jurassic, Plover Formation, Sunrise and Troubadour fields, Timor Sea, northern Australia. Core width is 10 cm. (g) Escape trace fossils 
(arrows) in proximal-prodelta sandstone tempestites. Upper Permian, San Miguel Formation, Mallorquin # 1 core, Paraguay. Core width is 8 cm. 




8.4 Fjords 



177 




Overbank - Abandoned disbibutary channels 
(Subaeiial delta plain) 



Distributary channels 
(Subaqueous delta plain) 



Interdistiibutary bays 
Tidal flats 



Prodelta 



Tidal dunes and bars 
(Delta front) 



Figure 8.25 Schematic recon- 
struction of trace-fossil distri- 
bution in tide-dominated deltas. 
Abandoned-channel and overbank 
deposits of the subaerial delta 
plain may contain Beaconites (Be), 
Taenidium (Ta), and root traces 
(Rt). Distributary-channel deposits 
of the subaqueous delta plain may 
contain Ophiomorpha (Op) and 
Diplocraterion (Di)\ Planolites (PI) 
may occur on mud drapes along 
foresets. Interdistributary-bay and 
tidal-flat deposits typically exhibit 
Planolites (PI), Teichichnus (Te), 
Palaeophycus (Pa), and root traces 
(Rt). Tidal-dune and bar depos- 
its of the delta-front may host 
Thalassinoides ( Th), Palaeophycus 
(Pa), Diplocraterion (Di), and 
SkoHthos (Sk). Prodelta deposits 
exhibit various ichnotaxa, such as 
Teichichnus (Te), Phycosiphon (Ph), 
Chondrites (Ch), Rossetia (Ro), 
Palaeophycus (Pa), Scalichnus (SI), 
and Gyrochorte (Gr). 



and Labrador Seas (Lord, 1990; Shaw and Lesemann, 2003). 
Some of the most extreme cases of freshwater discharges 
occur during deglaciation times. In fact, glacial melting may 
lead to the formation of extensive freshwater bodies that are 
physically connected with the open sea. For example, the 
Flolocene Yoldia Sea was freshwater in the northern Baltic 
Sea Basin due to high input meltwater during deglaciation 
during most of its history (Virtasalo et al., 2006). Times of 
elevated concentration of suspended sediment promote for- 
mation of hyperpycnal flows in fjord environments (Syvitski 
et al., 1987). Only exceptional discharges overcome the 
buoyancy effect of seawater in modern examples, but high- 
discharge hyperpycnal flows may have been the norm during 
deglaciation. In addition, because large discharges reduce the 
salinity of the fjord, the likelihood of hyperpicnal flows is 
increased providing a positive feedback. In these situations 
marine benthic fauna are inhibited due to reduced salinity, 
allowing colonization by a freshwater biota. This situation 
seems to have been quite common in late Paleozoic glaciated 
margins of Gondwana, which display ichnological signatures 
of extreme freshwater release during deglaciation (Buatois 
et al., 2006a, 2010a). In fact, some Gondwana fjord ichno- 
faunas are virtually identical to those from Pleistocene gla- 
cial lakes (e.g. Gibbard and Stuart, 1974; Gibbard, 1977; 
Gibbard and Dreimanis, 1978; Walter and Suhr, 1998; 
Gaigalas and Uchman, 2004; Uchman et al., 2009; Benner 
et al., 2009; Knecht et al., 2009) (see Section 10.3.2) (Fig. 



8.28a-c). Although some of these settings have been referred 
to as “brackish seas”, in fact they may be more appropriately 
called “freshwater seas” because of the dominance of fresh- 
water conditions due to extensive melting during postglacial 
times (Buatois et al., 2006a, 2010a; Buatois and Mangano, 
2007). In many cases, however, brackish-water ichnofau- 
nas also occur in these late Paleozoic successions, reflecting 
increased marine influence. 

Fligh rates of sedimentation are persistent in the fjord envir- 
onment as a result of high fluvial input. In addition, mass-sedi- 
ment transport, eolian transport, and input from wave and tidal 
erosion also play a role (Syvitski et al, 1987). In particular, high 
sedimentation rate affects the epifauna by subjection to floe and 
agglomerate rain, microturbidity flows due to biological resus- 
pension of unstable slope sediment, and disturbances due to 
major slides (Farrow et al., 1983). Bioturbation is commonly 
inhibited close to the bay-head delta due to rapid sediment accu- 
mulation. Abundance of escape trace fossils and dwelling struc- 
tures, such as Conichnus and Diplocraterion, has been linked to 
rapid sedimentation (e.g. Eyles et al, 1992). Rapid sedimentation 
is also a limiting factor for larval settlement (Farrow et al., 1983). 
As a result of high sedimentation rates and steep margins, fjords 
are strongly affected by sediment gravity flows, most commonly 
turbidity currents and debris flows. Lligh frequency of sediment 
gravity flows carrying significant amounts of food seems to have 
prevented establishment of the Nereites ichnofacies, allowing 
extension of the Cruziana ichnofacies into deeper water (Eyles 





Figure 8.26 Ichnofaunas from delta- 
front and prodelta deposits of a Lower 
Miocene tide-dominated delta, Chenque 
Formation, Caleta Olivia, Patagonia, 
Argentina. See Carmona et at. (2008, 
2009). (a) Heterolithic proximal-prodelta 
deposits containing a monospecific suite 
of small Pkmolites montanus (arrows). 
Note abundance of synaeresis cracks. 
Coin is 2.4 cm. (b) Protovirgularia isp. 
in proximal-prodelta deposits. Coin is 
2.4 cm. (c) High density of equilibrium/ 
adjustment trace fossils produced by the 
bivalve Atrina in deposits emplaced at 
the transition between the delta front 
and the prodelta. Scale bar is 10 cm. 

(d) Close-up of equilibrium/adjustment 
trace fossil showing structures left 
by the byssal threads (arrow) and 
the body fossils of their tracemak- 
ers at the end of the trace fossil. 

(e) Transitional prodelta-delta front 
deposits containing Teichicimus rectus. 
Coin is 1.8 cm. (f) Thalassinoides isp. 
reworked by Phycosiphon incertum in 
transitional deposits. Scale bar is 1 cm. (g) 
Macaronichnus segregatis in distal delta- 
front deposits. Lens cover is 5.5 cm. 
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Autogenic firmgrourKls 
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Figure 8.27 Schematic reconstruction of 
trace-fossil distribution in fjords. Fjord-head- 
deposits are sparsely bioturbated, and contain 
a few forms, such as robust Diplocraterion (Di) 
and Conichnus (Cn). An increase in degree of 
bioturbation and trace-fossil diversity charac- 
terizes brackish-embayment deposits, which 
may contain Arenicolites (Ar), Diplocraterion 
(Di), Siphonichnus (Si), Teichichnus (Te), 
Thalassinoides (Th), Planolites (PI), 
Palaeophycus (Pa), Conichnus (Cn), Chondrites 
(Ch), and Diopatrichnus (Dt). Fjord-lake and 
freshwater-embayment deposits are char- 
acterized by Undichna (Un), Mennia (Me), 
Cochtichnus (Co), Gordia (Go), Diplopodichnus 
(Dp), and Diplichnites (Di). Associated firm- 
ground surfaces contain Skolithos (Sk), 
Gastrochaenolites (Ga), Rhizocorallium (Rz), 
Diplocraterion (Di), and Thalassinoides (Th). 
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Figure 8.28 Ichnofaunas from late 
Paleozoic fjord deposits of 

Gondwana. (a) Orchesteropus 

atavus. Upper Carboniferous, 
Guandacol Formation, Huerta 
de Huachi, Paganzo Basin, west- 
ern Argentina. Scale bar is 1 
cm. See Buatois and Mangano 
(2003b). (b) Helminthoidichnites 
tenuis. Upper Carboniferous, 
Guandacol Formation, Huerta de 
Huachi, Paganzo Basin, western 
Argentina. Scale bar is 1 cm. See 
Buatois and Mangano (2003b). 
(c) Diplichnites isp. cross-cutting 
a high-density suite consisting of 
Helminthoidichnites tenuis. Upper 
Carboniferous-Lower Permian, 
Rio do Sul Formation, Trombudo 
Central, Santa Catarina State, 
Parana Basin, southern Brazil. Coin 
is 2 cm. See Nogueira and Netto 
(2001). (d) Diplopodichnus hiformis 
and Cruziana isp. with associated 
dropstones. Upper Carboniferous, 
Guandacol Formation, Cuesta de 
Huaco, Paganzo Basin, western 
Argentina. Scale bar is 10 cm. See 
Schatzeta/. (2011). 



et al, 1992). Ice-rafted debris rainfall also represents a stress fac- 
tor on the benthic biota, and the presence of trace fossils in direct 
association with dropstones is not uncommon in late Paleozoic 
Qord deposits (e.g. Schatz et al, 201 1) (Fig. 8.28d). 

A number of papers have documented the role of water tur- 
bidity in modern fjords (e.g. Feder and Matheke, 1980; Farrow 
et ah, 1983). Modern fjord waters contain high concentrations 
of fine-grained particles that commonly preclude the establish- 
ment of suspension-feeder organisms (see Section 6.1.8). The 
dominance of horizontal feeding traces of deposit and detritus 



feeders, and the absence of vertical burrows of suspension feed- 
ers in ancient fjord deposits is also suggestive of high amounts 
of suspended fine-grained material (Buatois et al., 2006a). The 
abundance of deeply plowing deposit feeders may also have 
contributed to the exclusion of suspension feeders (Feder and 
Matheke, 1980; Eyles et al, 1992) (see Section 6.7). 

The degree of substrate consolidation is extremely variable 
in fjord environments. Muddy soupgrounds seem to be rather 
common close to the glacier margin, imparting a strong stress 
to epifaunal communities (see Section 6.1.2). Eyles et al. (1992) 
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noted that polychaetes and deposit-feeding bivalves are the dom- 
inant components in these soupy substrates. Suspension feeders 
are typically absent. Softground communities containing more 
varied epifauna and infauna tend to occur towards more distal 
positions. Fluid muds are typically unbioturbated. In addition, 
current-winnowed substrates commonly contain firmgrounds 
with associated suites of the Glossifungites ichnofacies character- 
ized by deep gravel-filled Skolithos and Gastrochaenolites (Dale 
et al., 1989; Eyles et al, 1992). 

Dissolved oxygen concentration in fjord bottom waters is 
extremely variable (Syvitski et al., 1987). The bottom of some 
fjords may be characterized by oxygen depletion, particularly 
in enclosed basins with a high concentration of organic matter. 
In these settings, the redox discontinuity surface is very close to 
the sediment-water interface, restricting the activity of infaunal 
organisms (Syvitski et ah, 1987). As a result, shallow-tier struc- 
tures of small deposit feeders tend to be the dominant com- 
ponents (Pearson, 1980). Anoxic to dysaerobic conditions are 
particularly common at times. However, the activity of bottom 
currents may supply oxygen to the fjord floor in some basins (e.g. 
Eyles et al., 1992). 

Some fjords are subjected to intense wave action due both to 
wind funneled from the interior to the sea and to large shore- 
ward-traveling swells (Syvitski et al, 1987). This results in the 
deep emplacement of the storm wave base in some Arctic and 
Antarctic fjords. For example, the storm wave base is deeper 
than 200 m in the Gulf of Alaska, influencing the entire shelf 
bottom (O’Clair and Zimmerman, 1987). Therefore, repeated 



storms impart a strong stress in benthic communities and affect 
populations established in relatively deep water (see Section 7.1). 
This stress is expressed by deep erosion and strong resuspension 
of sediment that remains close to the sediment-water interface. 

As a consequence of these series of commonly intercon- 
nected stress factors, the taxonomic composition of fjord 
ichnofaunas is highly variable. Late Paleozoic fjord ichno- 
faunas typically contain representatives of the Mermia and 
Scoyenia ichnofacies as a result of the predominance of fresh- 
water conditions (e.g. Buatois and Mangano, 2003b). Simple 
grazing trails (e.g. Cochlichnus, Gordia, Helminthoidichnites, 
Helminthopsis, Mermia), feeding traces (e.g. Circulichnis, 
Trepticlmus), resting traces (e.g. Rusophycus), arthropod track- 
ways (e.g. Diplichnites, Maculichna, Umfolozia, Orchesteropus), 
and fish trails (e.g. Undichna) are common ichnotaxa. Because 
these structures are preserved along bedding planes, record- 
ing emplacement in very shallow tiers, the degree of bioturb- 
ation is typically zero. Associated brackish-water intervals 
are slightly more bioturbated, and contain the depauperate 
Cruziana ichnofacies (Buatois et al., 2010a). Most Cenozoic 
and modern fjords contain ichnofaunas that record the activ- 
ity of organisms adapted to brackish water (e.g. Aitken et al., 
1988; Eyles et al., 1992). Common components include bivalve 
vertical burrows [Siphonichnus), U-shaped vertical burrows 
(e.g. Arenieolites, Diplocraterion), gravel-lined polychaete bur- 
rows (Diopatrichnus), and crustacean galleries (Thalassinoides), 
among other forms. The degree of bioturbation is typically low 
to moderate. 
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Y cuando me hundo en el mar 
de la fertilidad, 
un silencio visual: 
es la fauna abisal 
reflejando el color del sol 

Gustavo Cerati 
Lisa (1993) 

Deep-marine trace fossils have long fascinated ichnologists with 
their amazing variety of shapes and sizes, arranged in regular and 
recurrent patterns (Fuchs, 1895). Graphoglyptids preserved at the 
base of sandy turbidites have represented a challenging puzzle. 
Trace fossils preserved in turbidites exposed mostly in European 
Mountain Chains (Fuchs, 1895; Azpeitia-Moros, 1933; Seilacher, 
1962, 1977a; Ksiqzkiewicz, 1970, 1977; Crimes, 1977; Crimes etal., 
1981), but also in South (Macsotay, 1 967) and North (Chamberlain, 
1971) America rapidly captured the attention of ichnologists. These 
structures were originally interpreted as post-turbidite (Seilacher, 
1960), but after further research Seilacher (1962) was able to dem- 
onstrate that graphoglyptids were in fact pre-turbidite trace fossils 
formed as shallow-tier open burrow systems in the hemipelagic mud 
and preserved due to uniform stripping of the uppermost muddy 
layer by the incoming turbidity current and subsequent casting with 
sand. In another seminal paper, Seilacher(1977a)introducedamor- 
phological classification of these structures, including continuous 
meanders (e.g. Helminthorhaphe and Cosmorhaphe), uniramous 
meanders (e.g. Belorhaphe, Helicolithus, and Urohelminthoida), 
biramous meanders (e.g. Desmograpton and Paleomeandrori), 
radial structures (e.g. Glockerichms and Lorenzinia), irregular 
networks (e.g. Megagrapton and Acanthorhaphe), and regular 
networks (e.g. Pakodictyon). The fact that these structures were 
originally described and interpreted from the fossil record, and 
only later recorded in the modem deep sea has been regarded as 
an example of reverse uniformitarianism, in which the past is the 
key to the present (Frey and Seilacher, 1980). Recent years have 
witnessed extraordinary progress in our understanding of the ich- 
notaxonomy of deep-marine trace fossils. Following a long trad- 
ition started by Polish ichnologist Marian Ksi^zkiewicz, a number 
of monographs have been published during the last 15 years or so 
(Uchman, 1995, 1998, 1999, 2001), allowing the establishment of a 
systematic framework to classify deep-marine trace fossils. Parallel 
to this, significant progress was attained in our knowledge of bio- 
genic structures formed in the modem deep sea (e.g. Werner and 
Wetzel, 1982; Wetzel, 1981, 1984, 1991, 2002, 2008). Integration 
of modern observations and detailed systematic work are now 
resulting in more finely tuned ichnological and sedimentological 
models of turbidite systems (e.g. Wetzel and Uchman, 2001; Ponce 



et al., 2007; Olivero et al, 2010; Wetzel, 2010; Carmona and Ponce, 
2011), including studies in based on cores (Knaust, 2009). In all 
probability, future work will emphasize the search for compara- 
tive ichnological signatures of various deep-sea processes, such as 
episodic turbidity currents, hyperpycnal flows, and bottom cur- 
rents (e.g. Wetzel et ah, 2008). In this chapter, we will review the 
ichnology of deep-marine environments, covering both slopes and 
base-of-slope turbidity systems. In order to do so, we will subdivide 
slopes in topographically simple and topographically complex, and 
turbidite systems into fine-grained and coarse-grained. 

9.1 SLOPES 



The continental slope extends from the slope break at the shelf 
edge to the basin plain (Stow, 1985; Pickering et al., 1989; Flint 
and Hodgson, 2005). Slopes are topographically variable ran- 
ging from relatively simple to complex, including depressions 
and highs that result from faulting, folding, salt tectonics, 
and mud diapirism (Smith, 2004). Because most ichnological 
studies of deep-marine deposits have focused on the diverse 
suites present in thin-bedded sandstone turbidites that typic- 
ally accumulate in base of slope-basin-plain submarine fans, 
those ichnofaunas present on the slope itself have received com- 
paratively little attention. However, examination of a number 
of studies (e.g. Werner and Wetzel, 1982; Wetzel, 1981, 1983; 
Buatois and Mangano, 1992; Fu and Werner, 1994; Savrda 
et al, 2001; Lowemark et al., 2004; Shultz and Hubbard, 2005; 
Encinas et al, 2008) allows some generalizations to be estab- 
lished. Slope systems are herein classified in topographically 
simple and topographically complex, which should be regarded 
as end members (see also Smith, 2004). Oxygen content is a 
first-order limiting factor on slope benthic faunas, and is in turn 
a reflection of topographic confinement which controls water 
circulation (Pickering et al, 1989). 

9.1.1 TOPOGRAPHICALLY SIMPLE SLOPES 

Topographically simple slopes are characterized by open 
unconfined areas separated by confined incised canyons 
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Incised canyon 




Figure 9.1 Schematic reconstruction of trace-fossil distribution in topographically simple slopes. Trace-fossil associations may be relatively diverse. 
Firmground Thalassinoides (Th) and Rhizocorallium (Rh) are relatively common at the base of incised canyon surfaces. Slope-fan deposits are char- 
acterized by dwelling traces of suspension feeders, such as Skolithos (Sk), Arenicolites (Ar), and Palaeophycus (Pa). Slope-fan fringe deposits tend to 
display feeding and grazing traces of deposit feeders, such as Nereites (Ne), Scolicia (Sc), Phycosiphon (Ph), and Taenidium ( Ta). Base-of-slope-wedge 
deposits are sparsely bioturbated, and may contain Zoophycos (Zo) and Planolites (PI). Open-slope deposits are intensely bioturbated, and typically 
display Zoophycos (Zo), Chondrites (Ch), and Planolites (PI). 



(Fig. 9.1). Levee channels may be locally present (Posamentier 
and Walker, 2006). Slope fans flanked by fringe areas occur 
on the open unconflned areas. The base of the slope is com- 
monly characterized by a wedge of coarse-grained sediment. 
Examples include both passive margins, such as the contin- 
ental slope off northwest Africa (Wetzel, 1981) and active 
margins, such as the Sulu Sea (Wetzel, 1983). In these set- 
tings, ponded intra-slope minibasins are relatively rare. 
Topographically simple slopes display less stressful conditions 
and tend to have higher oxygen content than in ponded sys- 
tems as a result of water circulation. The base of the incised 
canyons may be delineated by elements of the Glossifungites 
ichnofacies (see Section 12.2.2). Bioturbation is commonly 



inhibited within the canyon due to high frequency of sedi- 
ment gravity flows, but open unconflned areas of the slope 
are typically completely bioturbated (Wetzel, 1981, 1983; 
Uchman, 1995) (Box 9.1). 

Topographically simple slope systems contain a much wider 
diversity of oxygen-related suites, reflecting more variable 
conditions of water circulation (Wetzel, 1983; Buatois and 
Mangano, 1992; Lowemark et ah, 2004) (Fig. 9.1). Ichnofaunas 
are dominated by feeding traces of deposit feeders, particu- 
larly in the unconflned open-slope and slope-fan fringe depos- 
its. Zoophycos, Chondrites (Fig. 9.2a), Trichichnus, Teichichnus 
(Fig. 9.2a), and Planolites are typically abundant in both mod- 
ern and ancient examples, and Scolicia and Taenidium may be 
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Box 9.1 Ichnology of modern slope to deep-sea sediments in the Sulu Sea Basin of the Philippines 

Studies of cores from modern slope to deep-sea deposits of the Sulu Sea Basin provide valuable information to understand 
environmental distribution of biogenic structures, as well as controls on the benthic fauna and preservation potential of 
animal traces. Three main ichnocoenoses have been identified. The slope and rise ichnocoenose occurs in sediments down to 
water depths of 3800 m. Slope and rise muds and oozes are thoroughly bioturbated, and the ichnocoenose is dominated by 
incipient Helminthopsis, Planolites, and Thalassinoid.es, with the subordinate presence of Chondrites, Scolicia, Trichichnus, 
Skolithos, and Zoophycos. Biodeformational structures are also common. This ichnocoenose essentially represents the 
Zoophycos ichnofacies. The transitional slope to abyssal-plain ichnocoenose occurs between 3800 and 4400 m deep. The 
degree of bioturbation is lower than in adjacent slope and abyssal-plain environments, and biogenic structures tend to be 
rather small. Planolites is the dominant discrete trace. The abyssal-plain ichnocoenose is present below water depths of 4400 
m, in areas with abundant intercalation of turbidites. Although the degree of bioturbation is only 20%, the diversity of 
biogenic structures is the highest, with 15 ichnotaxa recognized. Taenidium and Phycosiphon are dominant. Graphoglyptids 
are absent, most likely reflecting a combination of erosion by turbidity currents, high rates of sedimentation, high nutrient 
availability, and destruction by deep-tier burrows. Biogenic structures are of small size and maintain a connection with the 
sea bottom to allow circulation of oxygenated waters essential for animal respiration. Overall, the Sulu Sea ichnofauna is 
clearly limited by oxygen content; high sedimentation rates and abundant food supply also play a role. 

Reference: Wetzel (1983). 




Figure 9.2 Characteristic trace fos- 
sils of slope deposits from the Lower 
Cretaceous Kotick Point Formation, 
Kotick Point, James Ross Island, 
Antarctica, (a) Chondrites isp. and 
Teichichniis rectus, (b) Arenicolites 
isp. (c) Cladichnus fischeri reworked 
by Phycosiphon incertum. (d) 
Nereites missouriensis. All scale bars 
are 1 cm. See Buatois and Mangano 
(1992). 



also present. Dwelling structures of suspension feeders, such 
as Palaeophycus, Skolithos, and Arenicolites (Fig. 9.2b) and 
burrow systems (Thalassinoides) occur locally, mostly in slope- 
fan deposits. The radial trace fossil Cladichnus (Fig. 9.2c), the 
spreite structure Phycosiphon (Fig. 9.2c), and grazing trails of 
deposit feeders, such as Nereites missouriensis (Fig. 9. 2d) occur 
in sandy turbidite layers (Buatois and Mangano, 1992). Base- 
of-slope-wedge deposits are typically sparsely bioturbated, and 
only locally may contain Zoophycos (Zo) and Planolites (PI). 



Ichnofabrics tend to show more complex tiering structures than 
in topographically complex slopes (Buatois and Mangano, 
1992). Moderately diverse ichnofaunas are also present in par- 
tially ponded slope minibasins, which tend to contain abundant 
sand-rich turbidites (Shultz and Flubbard, 2005). Although ich- 
nodiversity levels are higher than in the Zoophycos ichnofacies 
of topographically complex slopes, these are remarkably lower 
than those in the Nereites ichnofacies. Substrates are nutri- 
ent rich, and therefore highly complex systems, such as those 
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Ponded slope 




Figure 9.3 Schematic reconstruction 
of trace-fossil distribution in topo- 
graphically complex slopes. These 
deposits are only locally bioturbated, 
and may contain Zoophycos (Zo), 
Chondrites (Ch), and Trichichnus (Tr). 



illustrated by graphoglyptids, are not present (Wetzel, 1983). 
Overall, ichnofaunas from topographically simple slopes illus- 
trate the Zoophycos ichnofacies with the addition of elements 
more typical of a distal Cruziana ichnofacies. 

9.1.2 TOPOGRAPHICALLY COMPLEX SLOPES 

Topographically complex slopes exhibit local topographic depres- 
sions and highs induced by deformation in the substrate (Smith, 
2004) (Fig. 9.3). The classic example of topographically complex 
slopes is the Gulf of Mexico (Prather et ah, 1998; Pirmez et ah, 
2000), but silled basins also occur in active-plate margins, such 
as the southern California borderland (Ingle, 1980). Available 
information indicates that these slopes are characterized by the 
formation of fault-controlled, silled, intra-slope minibasins, dis- 
play limited deep-water circulation, and are commonly anoxic 
or dysaerobic. Turbidite systems tend to show various degrees 
of confinement, from cascades of silled sub-basins to connected 
tortuous corridors (Smith, 2004). Low current velocities and 
enhanced deposition of particulate organic matter in ponded 
areas lead to low pore-water oxygen levels (Lowemark et ah, 
2004). Ingle (1980) noted that if the depth of the sill is within 
the oxygen-minimum layer, all of the water below sill depth will 
be anoxic regardless of the maximum depth of the basin floor. 
Therefore, silled intra-slope minibasins are commonly non-bi- 
oturbated due to anoxic conditions or, more rarely, may con- 
tain very low-diversity ichnofaunas due to dysaerobia (Fig. 9.3). 
Monospecific assemblages of Chondrites are the most abundant 
suites in ponded slopes (Fu and Werner, 1994; Encinas et ah, 
2008). Zoophyeos and Trichichnus may also be present. In any 
case, bioturbation is restricted to discrete intervals, which alter- 
nate with non-bioturbated units. Increased intensity of bioturb- 
ation and ichnodiversity may in some cases reflect shallowing 
(Conybeare et al., 2004). If bioturbated at all, topographically 
complex slope systems are characterized by the Zoophycos 
ichnofacies. 



9.2 DEEP-MARINE TURBIDITE SYSTEMS 



Deep-marine turbidite systems or submarine fans are formed 
by deposition of sediment gravity flows. Turbidite systems are 
remarkably complex and a wide variety of classification schemes 
and facies models have been proposed over the years (e.g. Mutti 
and Ricci Lucchi, 1972; Walker, 1978; Mutti, 1979, 1985, 1992; 
Mutti and Normark, 1991; Reading and Richards, 1994). A use- 
ful subdivision that helps to frame observations on deep-marine 
ichnofaunas is that of fine-grained and coarse-grained turbidite 
systems (Bouma, 2000a, b, 2004). 

9.2.1 EINE-GRAINED TURBIDITE SYSTEMS 

Fine-grained turbidite systems are characterized by (1) high 
sandstone/shale ratio at the base-of-slope and outer fan, but low 
ratio in the mid fan; (2) fine- and very fine-grained sand with 
abundant silt and clay particles; and (3) interfingering with basin 
deposits (Bouma, 2000a, b, 2004). Because of the abundance of 
very fine-grained sediment, fine-grained turbidite systems are 
efficient systems (Mutti, 1979). These systems are more typical 
of passive margins (although examples are known from fore- 
land basins), and tend to occur in basins with wide shelves and 
coastal plains. A channel complex is formed at the base of the 
slope, consisting of channels fianked by levees and overbanks, 
and separated by interchannel areas. The breaching of levees 
results in the formation of crevasse-splay deposits (Posamentier 
and Kolia, 2003). Channels bifurcate, forming distributary chan- 
nels in the mid fan, which feed sheet-sand depositional lobes in 
the outer fan, also known as frontal-splay complexes (Bouma, 
2000a, b, 2004; Posamentier and Kolia, 2003). 

Fine-grained turbidite systems commonly contain some of 
the most spectacular ichnofaunas described from the fossil 
record with respect to diversity, abundance, and complexity (e.g. 
Ksi^zkiewicz, 1970, 1977; Seilacher, 1977a; Crimes, 1977; Crimes 
et al., 1981; Leszczynski, 1992a; Uchman, 1995, 1998, 1999, 
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Box 9.2 Ichnology of Eocene fine-grained turbidite systems of the Hecho Group in the Ainsa-Jaca Basin of the Spanish 
Pyrenees 

The Eocene Elecho Group is well known among turbidite sedimentologists because many deep-marine depositional models have 
resulted from its study. However, its ichnological content remained poorly documented until very recently when a monographic work 
and an integrated ichnological-sedimentological study were performed. More confined channelized environments are recorded in 
the more proximal Ainsa sub-basin, while more distal and unconfined deposits are present in the Jaca sub-basin. Ninety five ichno- 
species and 49 ichnogenera have been recorded. In the Ainsa sub-basin there is an increase in ichnodiversity and intensity of biot urb- 
ation from channel to inter-channel deposits. Channel deposits are dominated by crustacean burrows, such as Ophiomorpha rudis, 
O. annulata, Ophiomorpha isp., and Thalassinoides suevicus. Scolicia prisca and Arenicolites isp. occur in some sandstone beds. 
The assemblage illustrates the Ophiomorpha rudis ichnosubfacies. Low ichnodiversity and sparse bioturbation are typical of 
channelized facies elsewhere. Interchannel deposits, both channel-margin and levee facies, contain a high diversity of trace fos- 
sils, including graphoglyptids, such as Megagrapton irregulare and Paleodictyon minimum, together with dwelling structures (e.g. 
Ophiomorpha rudis and Thalassinoides suevicus), feeding structures (e.g. Phycosiphon incertum) and grazing trails (e.g. Gordia 
arcuata and Gordia marina). This assemblage illustrates a mixed Ophiomorpha rudis and Paleodictyon ichnosubfacies. In the 
Jaca sub-basin, there is an increase in ichnodiversity and intensity of bioturbation from the channel-lobe transition to the lobe 
fringe. The channel-lobe transition is characterized by moderate ichnodiversity and sparse bioturbation. Deposits display a 
dominance of dwelling burrows (e.g. Ophiomorpha annulata, Thalassinoides .suevicus, and Palaeophycus tubularis), but grazing 
trace fossils {Nereites irregularis), feeding trace fossils (Halopoa imbricata), and graphoglyptids {Paleodictyon maximum) are 
present locally. In the depositional lobe (frontal splay), a wide variety of trace fossils is preserved, including feeding structures 
(e.g. Halopoa storeana, Halopoa imbricata, and Chondrites intricatus), dwelling structures {Ophiomorpha annulata, O. rudis, 
and Thalassinoides isp.), grazing trace fossils {Nereites irregularis, Scolicia prisca, and Scolicia strozzi), and graphoglyptids 
{Helminthorhaphe flexuosa, Spiroraphe involuta, Cosmorhaphe lobata, and Paleodictyon strozzi). Lobe-fringe deposits display the 
highest trace-fossil diversity and intensity of bioturbation, representing a typical Paleodictyon ichnosubfacies of the Nereites 
ichnofacies. Although feeding, dwelling, and grazing trace fossils are present, suites tend to be dominated by graphoglyptids, 
including Paleomeandron robustum, Desmograpton dertonensis, Helmithorhaphe flexuosa, Protopaleodictyon spinata, and various 
ichnospecies of Paleodictyon. A decrease in trace-fossil diversity and degree of bioturbation is detected from the lobe fringe to the 
basin plain. Basin-plain deposits are characterized by a sharp increase in the proportion of feeding structures (e.g. Phycosiphon 
incertum, Zoophycos isp.), a high proportion of graphoglyptids (e.g. Megagrapton submontanum and “Rotundusichnium” zumay- 
ense), and a decrease in dwelling structures (e.g. Ophiomorpha rudis). The overall high trace-fossil diversity is typical of deep- 
marine deposits of similar age, and has been attributed to moderate oligotrophy as a result of large-scale oceanographic and 
climatic changes. The Hecho Group illustrates the most diagnostic ichnological features of a fine-grained turbidite system. 

References: Uchman (2001); Heard and Pickering (2008). 



2007; Wetzel and Uchman, 1997; Kozur et al., 1996; Buatois 
et ah, 2001; Wetzel et ah, 2007; Rodriguez-Tovar et al., 2010a) 
(Box 9.2) (Fig. 9.4). In deep-marine environments, low-energy 
conditions and temporal stability promote the establishment of a 
wide variety of graphoglyptids and grazing trails, representing the 
Nereites ichnofacies. The overall abundance of graphoglyptids is 
indicative of reduced food supply and appropriate bottom energy 
conditions allowing their preservation. This is consistent with the 
site of emplacement of fine-grained turbidite systems, typically 
far away from the source area, and separated from the nearshore 
zone by a wide continental shelf Interestingly, although delta-fed 
turbidite systems represent a departure to this standard scenario, 
graphoglyptids are also present in these organic-rich turbidites 
and related deposits (Olivero et al., 2010). 

Graphoglyptid ichnofaunas, illustrating the Paleodictyon 
ichnosubfacies of the Nereites ichnofacies, occur in thin-bedded 
sandy turbidites, and are mostly present in the outer fan, more 
precisely in frontal splays (e.g. Crimes, 1977; Crimes et al., 1981; 
McCann, 1993; Uchman, 1995, 2001; Uchman and Demircan, 



1999; Wetzel and Uchman, 2001; Demircan and Toker, 2003; 
Uchman et al., 2004a; Lopez-Cabrera et al., 2008; Heard and 
Pickering, 2008; Rodriguez-Tovar et ah, 2010a). Together 
with a large number of graphoglyptids, such as Paleodictyon 
(Fig. 9.5a-b), Desmograpton (Fig. 9.5c), Protopaleodictyon, 
Megagrapton, Helicolithus (Fig. 9.5d), Spirorhaphe (Fig. 9.5e), 
Helminthorhaphe (Fig. 9.51), Lorenzinia (Fig. 9.5g-h), 
Cosmorhaphe, and Urohelminthoida, there are other basic mor- 
phological types. These include the circular burrow Circulichnis 
(Fig. 9.5i), sinuous trails, such as Helminthopsis, Nereites, 
and Scolicia (Fig. 9.5j), various feeding burrows, including 
Zoophycos, Lophoctenium, and Phycosiphon (Fig. 9.6a), and 
the chevronate trail Protovirgularia (Fig. 9.5k) 

In more proximal positions, graphoglyptid-dominated ichno- 
faunas also occur in levee and crevasse-splay deposits of the 
channel complex (e.g. McCann and Pickerill, 1988; McCann, 
1993; Uchman, 1995; Wetzel and Uchman, 1997; Buatois 
et al., 2001; Heard and Pickering, 2008; Olivero et al., 2010). 
In addition to a wide variety of graphoglyptids (Fig. 9.7a-g) 




Ichnology of deep-marine clastic environments 



186 



Submarine canyon 




Figure 9.4 Schematic reconstruction 
of trace-fossil distribution in fine- 
grained turbidite systems. The base of 
the incised canyon is characterized by 
a firmground suite that may contain 
Thalassinoides(Th) and RhizocoraUium 
(RIi) illustrating the Glossifungites 
ichnofacies-Submarine-channeldepos- 
its typically contain Ophioinorpha 
(Op). Thin-bedded sandy turbidites 
in levee, crevasse-splay, and frontal- 
splay areas contain Nereites (Ne), 
Scolicia (Sc), and Phycosiphon (Ph) 
as post-depositional elements, and a 
wide variety of pre-depositional com- 
ponents, such as Pakodictyon (Pa), 
Megagmpton (Me), Desmograpton 
(De), Lorenzinia (Lo), Cosmorhaphe 
(Co), Helicolithus (He), Spirorhaphe 
(Sp),andPro1opaleodic1yon{Pr).T>\&\.a\ 
muddy turbidites of the transitional 
zone between the frontal splay and the 
basin plain may contain Nereites (Ne), 
Scolicia (Sc), Phycosiphon (Ph), and 
Chondrites (Ch). Basin-plain deposits 
are characterized by an indistinct bio- 
turbated mottling. 



such as those mentioned for the frontal-splay deposits, levee 
and crevasse-splay deposits also contain abundant dwelling 
structures (e.g. Palaeophycus and Ophiomorpha), sinuous graz- 
ing trails, such as Gordia, Helminthopsis, Nereites, and Scolicia 
(Fig. 9.7h), the robust spiral trace Spirophycus (Fig. 9.7i), the 
branched system Chondrites (Fig. 9.7j), and various spreite 
feeding structures, including Zoophycos, Polykampton, and 
Phycosiphon (Fig. 9.6b). 

The Nereites ichnosubfacies tends to occur in more distal 
muddy turbidites, which are more typical of the distal overbank 
and the transition between the frontal splays and the basin plain. 
In these settings, various ichnospecies of Nereites, most com- 
monly N. irregularis (Fig. 9.8a-b), and Scolicia, together with 
Chondrites (Fig. 9.8c-d), Phycosiphon, Dictyodora (in Paleozoic 
rocks), Zoophycos, and Helicodromites (Fig. 9.8c) are dominant. 
Formation of graphoglyptids is commonly inhibited under oxy- 
gen-deficient conditions (Leszczynski, 1991a) or high frequency 
of turbidity currents (D’Alessandro et al., 1986). For example, 
Uchman (1991b, 1992) documented Cretaceous and Cenozoic 
turbidites emplaced in oxygen-depleted settings, having very few 
to almost no agrichnial structures. These ichnofaunas are also 
characterized by unusually low ichnodiversity and dominance of 
opportunistic post-turbidite trace fossils. In these distal settings, 
deposits showing characteristics intermediate between mud tur- 
bidites and pelagites are common. These deposits, referred to 
as hemiturbidites (Stow and Wetzel, 1990; Wetzel and Balson, 
1992), are intensely bioturbated and accumulate slowly from a 
dilute suspension cloud formed beyond and above a large low- 
concentration turbidity current. In these outer regions of deep- 
sea fans, sedimentation and bioturbation are in equilibrium and, 
as a result, hemiturbidite mudstones are completely burrowed. 



In the channels and in the most proximal areas of the sheet- 
sand depositional lobes, continuous erosion and high rates of 
sedimentation prevent development or preservation of graph- 
oglyptid ichnofaunas and, in fact, most channelized deposits are 
unburrowed. However, these high-energy settings locally may 
host ichnofaunas that contain elements typical of shallow water 
(e.g. Skolithos, Diplocraterion, and Ophiomorpha), representing 
a deep-marine example of the Skolithos ichnofacies (Crimes, 
1977; Crimes et al., 1981; McCann and Pickerill, 1988). Uchman 
(2001, 2007, 2009) noted that some of these thick-bedded sandy 
turbidites are dominated by horizontal components, typically 
crustacean galleries (Fig. 9.9a-d), rather than vertical burrows 
and ascribed this association to the Ophiomorpha rudis ichno- 
subfacies. Ophiomorpha rudis and O. annulata (Fig. 9.9a-c) are 
typical in these deposits. Channelized areas and inner zones of 
depositional lobes, characterized by sandy substrates, organic 
particles in the water column, and good oxygenation, allow the 
establishment of a benthic fauna that produce trace fossils that 
commonly typify nearshore areas. However, shallow-water ele- 
ments are not restricted to these high-energy regions of submar- 
ine fans, occurring in more distal, thin-bedded turbidites also 
(Uchman, 1991a; Uchman and Demircan, 1999). The crustacean 
producer of Ophiomorpha rudis may have been transported from 
shallower water by turbidity currents or may represent a resi- 
dent fauna adapted to deep-water environments (Uchman and 
Demircan, 1999). These crustaceans may have penetrated into 
the sandy substrate in search for nutrient-rich deeply buried plant 
detritus (Uchman et al., 2004a; Lopez-Cabrera et al., 2008). 

Therefore, sandy turbidites may contain two different suites, 
pre- and post-turbidite, recording different times of emplace- 
ment and contrasting environmental conditions (Seilacher, 1962; 
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Figure 9.5 Characteristic trace fossils of turbidites in distal areas of frontal splays and fringes of fine-grained turbidite systems, (a) Paleodictyon 
gomezi. Oligocene-Miocene, Campo de Gibraltar, southern Spain, (b) Paleodictyon minimum. Lower Eocene, Guarico Formation, Boca de Uchire, 
eastern Venezuela. Scale bar is 1 cm. See Macsotay (1967). (c) Desmograpton pamiricus. Upper Triassic, A1 Ayn Formation, Oman Mountains. Scale 
bar is 1 cm. See Wetzel et al. (2007). (d) Helicolithus sampelayoi. Eocene, Beloveza Beds, Lipnica Mala, Outer Carpathians, Poland. Scale bar is 1 
cm. (e) Spirorhaphe involuta. Lower Eocene, Guarico Formation, Boca de Uchire, eastern Venezuela. Lens cover is 5.5 cm. See Macsotay (1967). (f) 
Helminthorhaphe isp. Lower Eocene, Guarico Formation, Boca de Uchire, eastern Venezuela. Scale bar is 1 cm. See Macsotay (1967). (g) Lorenzinia 
apenninica. Upper Cretaceous-Paleocene, Ropianka Formation, Slopnice, Outer Carpathians, Poland. Scale bar is 1 cm. See Uchman (2008a). (h) 
Lorenzinia carpathica. Upper Cretaceous-Paleocene, Ropianka Formation, Slopnice, Outer Carpathians, Poland. Scale bar is 1 cm. See Uchman 
(2008a). (i) Circulichnis montanus. Upper Triassic, Al Ayn Formation, Oman Mountains. Scale bar is 1 cm. See Wetzel et at. (2007). (j) Scolicia isp. 
Eocene, Variegated Shale, Slopnice, Outer Carpathians, Poland. Scale bar is 5 cm. See Uchman (2008a). (k) Protovirgularia isp. Lower Eocene, Guarico 
Formation, Boca de Uchire, eastern Venezuela. Scale bar is 10 cm. See Macsotay (1967). 
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Figure 9.6 Core expression of Phycosiphon ichnofabrics in thin-bedded turbidites. (a) High density of Phycosiphon incertum at the top of a lobe-fringe 
turbidite sandstone and in the overlying hemipelagic mudstone. Note also associated firmground Thatassinoides. Lower Miocene, La Blanquilla Basin, 
offshore Venezuela. Core width is 7 cm. (b) Sideritized Phycosiphon isp. in overbank turbidite sandstone. Upper Miocene-Lower Pliocene, Carupano 
Basin, offshore Venezuela. Core width is 7 cm. 



Kern, 1980; Wetzel, 1991; Leszczynski, 1991b, 1992a; Uchman, 
1995; Tunis and Uchman, 1996a, b; Wetzel and Uchman, 1997) 
(Fig. 9.10). The pre-turbidite suite is dominated by graphoglyp- 
tids and grazing trails, and is preserved as positive hyporeliefs 
on the turbidite soles. This suite records the activity of a diverse 
shallow-tier infaunal community inhabiting pelagic mud. The 
post-turbidite suite consists of dwelling, feeding, and grazing 
traces, and is preserved for the most part on the upper surface of 
the event beds, but also at the base or within turbidites. This suite 
records opportunistic colonization of the newly emplaced sandy 
substrate. Accordingly, the base of sandy turbidites represents 
a palimpsest surface that contain two suites emplaced at differ- 
ent times (Fig. 9.11a-c). Kern (1980) outlined a set of criteria 
to differentiate between post- and pre-turbidite suites at the base 
of sandstone. Pre-turbidite trace fossils may show evidence of 
erosional modification (Fig. 9.1 Id) and internal lamination pre- 
served within the burrow systems. Post-turbidite trace fossils com- 
monly cross-cut the former suite and show pristine morphologies 
on surfaces with abundant flute marks. In addition, emplacement 
of post-turbidite trace fossils may lead to modifications at the 
sand/mud interface. This author also noted that post-turbidite 
trace fossils are rare at the base of sandstone thicker than 10 cm. 
However, Seilacher (1962) doeumented spectaeular speeimens of 
Ophiomorpha penetrating to the base of 4 m-thiek turbidites. 

A number of studies have foeused on the tiering structure 
of ichnofaunas from turbidites and related facies (e.g. Wetzel, 
1984, 1991; Leszezynski and Seilacher, 1991; Leszczynski, 
1991b, 1992a, b, 1993; Uchman, 1991c, 1995; Orr, 1994; 
Bak, 1995; Wetzel and Uchman, 1997, 1998). In the case of 
pre-turbidite suites, two main tiers occur: a very shallow tier 
eonsisting of graphoglyptids and a deeper tier consisting of 
actively filled feeding burrows (Leszczynski, 1991b) (Fig. 
9.10). Due to vertical accretion of pelagic and hemipelagic 
sediment on the sea floor, the deeper-tier fodinichnia migrates 



upward obliterating the very shallow-tier agrichnia (Werner 
and Wetzel, 1982; Wetzel, 1991). Therefore, under conditions 
of suspension fallout background sedimentation, graph- 
oglyptids are not preserved and the resultant ichnofabric is 
dominated by actively infilled burrows, sueh as Zoophycos, 
Scolicia, Lophoctenium, and Planolites. Graphoglyptid pres- 
ervation can only take plaee if deposition from a turbidity 
eurrent interrupts background sedimentation and associated 
bioturbation. Under these conditions, graphoglyptids are 
preserved as positive hyporelief on the bases of the sandy 
turbidites (Figs. 9.10). Although it has been traditionally 
assumed that turbidity currents erode the uppermost millim- 
eters of the muddy substrate and cast with sand the shallow- 
tier biogenic structures, it has been recently suggested that 
preservation results from a shock wave immediately prior to 
deposition (Seilacher, 2007a) (see Section 4.2.5). A micro- 
tiering structure is developed within the pre-turbidite suite 
dominated by graphoglyptids. Tiny Paleodictyon oceupy a 
shallower-tier position than slightly deeper Cosmorhaphe and 
Glockerichnus (Leszczynski and Seilacher, 1991) (Fig. 9.11c). 
Spirophycus tends to emplaced deeper into the sediment cross- 
eutting shallower trace fossils (Fig. 9. lie). The depth of ero- 
sion of the subsequent turbidity current controls which tier 
becomes preserved (Leszczynski, 1993). 

Post-turbidite colonization of the event sand starts after 
the depositional event is complete (Leszczynski, 1991b, 
1993). Some post-turbidite colonizers are adapted to spe- 
eific sandy substrates, and are typically unable to migrate 
upward during pelagic and hemipelagic vertical accre- 
tion of the sea floor. On the other hand, those infaunal 
organisms that are less substrate-specific (e.g. producers of 
Chondrites and Planolites) may move upward into the back- 
ground mud (Fig. 9.10). Penetration depth and intensity 
of bioturbation as a function of oxygen content, rate of 




Figure 9.7 Characteristic trace fossils of overbank turbidite deposits in fine-grained turbidite systems, (a) Helminthorhaphe isp and Glockerichnus isp. Paleocene, 
Gumigel Flysch, Zollhaus, Swiss Alps. Scale bar is 5 cm. See Crimes et a/. (1981). (b) Pakomeandron isp. Eocene, Ganei Slates, Ganei, Swiss Alps. Scale bar is 1 
cm. See Wetzel and Uchman (1997). (c) Desmograpton pamiricus. Lower to Middle Eocene, Tarcau Sandstone, Sirin Dam, Buzau Valley, Eastern Carpathians, 
Romania. Scale bar is 1 cm. See Buatois et al. (200 1 ). (d) Paleodictyon minimum. Lower to Middle Eocene, Tarcau Sandstone, Sirin Dam, Buzau Valley, Eastern 
Carpathians, Romania. Scale bar is 1 cm. See Buatois et a/. (2001). (e) Helminthorhaphe flexuosa. Lower to Middle Eocene, Tarcau Sandstone, Siriu Dam, Buzau 
Valley, Eastern Carpathians, Romania. Scale bar is 1 cm. See Buatois et a/. (2001). (f) Megagrapton submontanum. Lower to Middle Eocene, Tarcau Sandstone, 
Siriu Dam, Buzau Valley, Eastern Carpathians, Romania. Scale bar is 1 cm. See Buatois et at. (200 1 ). (g) Urohelminthoida dertonensis. Lower to Middle Eocene, 
Tarcau Sandstone, Gramaticu Valley, Buzau Valley, Eastern Carpathians, Romania. Scale bar is 1 cm. See Buatois et al. (2001). (h) Scolicia strozzi. Lower to 
Middle Eocene, Tarcau Sandstone, Siriu Dam, Buzau Valley, Eastern Carpathians, Romania. Pen is 15 cm. See Buatois et al. (2001). (i) Spirophycu.s involutis- 
simus. Lower to Middle Eocene, Tarcau Sandstone, Siriu Dam, Buzau Valley, Eastern Carpathians, Romania. Scale bar is 10 cm. See Buatois et al. (2001). (j) 
Phycosiphon incertum and Chondrites isp. Paleocene, Gurnigel Flysch, Zollhaus, Swiss Alps. Scale bar is 1 cm. See Crimes et a/. ( 1 98 1 ). 
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Figure 9.8 Characteristic trace fossils 
of distal muddy turbidites in fine- 
grained turbidite systems, (a) Nereites 
irregularis in distal marly turbidites. 
Paleocene, Glebieniec Member, 
Ropianka Formation, Glebieniec 
stream, Outer Carpathians, Poland. 
See Uchman and Cieszkowski (2008b). 
(b) Nereites irregularis in distal 
muddy turbidites. Upper Cretaceous, 
Helminthoid Flysch, Weissenburg 
Bad, Dranses Nappe, Swiss Alps. See 
Wetzel (2003). (c) Distal marly and 
silty turbidites with large and small 
Chondrites isp and Helicodromites 
isp. Eocene, Bystrica Formation, 
Zbludza, Outer Carpathians, Poland. 
See Uchman (2008b). (d) Chondrites 
isp. concentrated within “phantom 
burrows” and dispersed in the host 
rock. Upper Cretaceous, Florgazu 
Formation, Covasna Valley, Romania. 
All scale bars are 1 cm. 




Figure 9.9 Characteristic trace fos- 
sils of turbidite-channel deposits in 
fine-grained turbidite systems, (a) 
and (b) General views of the top of 
a channelized sandstone unit with 
Ophiomorpha annulata. (c) Close up 
of burrow networks of Ophiomorpha 
annulata. Scale bar is 5 cm. (a), (b), and 
(c) are from outcrops of the Lower to 
Middle Eocene, Tarcau Sandstone^ 
Siriu Dam, Buzau Valley, Eastern 
Carpathians, Romania. See Buatois 
et al. (2001). (d) Core expression of 
Ophiomorpha isp. in deep-marine high- 
energy sandstone turbidites. Lower 
Miocene, La Blanquilla Basin, offshore 
Venezuela. Core width is 7 cm. 
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Figure 9.10 Taphonomic pathways of turbidite trace fossils. The preserved ichnofauna is the end-result of a complex array of taphonomic factors. 
If only hemipelagic suspension fallout takes place, no graphoglyptids are preserved and the resultant product is a mottled ichnofabric that may or 
may not display discrete trace fossils. If erosion by the turbidity current is too intense, graphoglyptids are not preserved either. Emplacement of 
post-turbidite colonizers depends on the nature of the colonization window. Under high frequency of highly erosive turbidite events, bed amalgam- 
ation occurs and sandstone units are unburrowed. If the frequency of these highly erosive events is lower, limited colonization of the sandy substrate 
by the post-turbidite suite may occur, being Ophiomorpha (Op) a typical component. If only slight erosion occurs, graphoglyptids are preserved as 
positive hyporeliefs on turbidite sandstone beds. Preservation of the graphoglyptid micro tiering profile depends on the depth of erosion. Typical ele- 
ments of the pre-turbidite trace-fossil suite are Paleodictyon (Pa), Megagrapton (Me), Protopaleodictyon (Pr), Desmograpton (De), Lorenzinia (Lo), 
Cosmorhaphe (Co), Urohelminthoida (Ur), and Spirorhaphe (Sp). Under high rates of slightly erosive turbidite events, the colonization window for 
post-event burrowers remains close and graphoglyptids are not overprinted by the post-turbidite trace-fossil suite. In the case of short-term col- 
onization windows, the post-turbidite trace-fossil suite may occur, but restricted to sand-specific colonizers, typically forming Ophiomorpha (Op), 
overprinting the pre-turbidite trace-fossil suite. In the case of long-term colonization windows, pelagic and hemipelagic vertical accretion of the sea 
floor takes place and even more complex ichnofabrics develop as a result of sequential colonization. In addition to Ophiomorpha (Op), Planolites 
(PI), Scolicia (Sc), and Phycosiphon (Ph) may occur. While post-turbidite sandy-specific colonizers cannot migrate upward during pelagic and 
hemipelagic sedimentation, less substrate-specific colonizers may move upward into the background mud. 



background sedimentation, and the time to next turbidite 
event are the most important limiting factors (Leszczyhski, 
1993). Crustacean burrows (e.g. Ophiomorpha) are by far the 
deepest structures, commonly penetrating through several 
turbidite layers (multilayer colonizers of Uchman, 1995). 
In the case of muddy turbidites, observations from modern 
and ancient environments suggest sequential colonization 



and upward migration in response to geochemical condi- 
tions, particularly the re-adjustment and re-establishment 
of the redox boundary (Wetzel and Uchman, 2001) (Box 
9.3). Passive-margin fine-grained turbidite systems tend to 
be affected by bottom currents (Faugeres and Stow, 2008). 
The ichnologic signatures of contourites (i.e. bottom-current 
deposits) have been recently explored by Wetzel et al. (2008). 
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Figure 9.11 Taphonomy of thin- 
bedded turbidites. (a) Base of a 
sandstone showing juxtaposition of 
pre- and post-turbidite suites form- 
ing a palimpsest surface. Hexagonal 
networks (Paleodictyon minimum) 
(Pa) and meandering trace fossils 
(Cosmorhaphe sinuosa) (Co) belong 
to the pre-turbidite suite, while 
superimposed crustacean galler- 
ies (Ophiomorpha annulata) (Op) 
are part of the post-turbidite suite. 
Lower to Middle Eocene, Tarcau 
Sandstone, Siriu Dam, Buzau Valley, 
Eastern Carpathians, Romania. See 
Buatois et al. (2001). (b) Paleodictyon 
mioceniciim networks (Pa) partially 
modified by erosion. Minimum ero- 
sion in some areas allowed preser- 
vation of network vertical outlets. 
The radial trace fossil Glockerichnus 
isp. (Gl) occupies a deeper tier, 
illustrating microtiering in the pre- 
turbidite community. Lower to 
Middle Eocene, Tarcau Sandstone, 
Siriu Dam, Buzau Valley, Eastern 
Carpathians, Romania. See Buatois 
et al. (2001). (c) Hexagonal networks 
(Paleodictyon maximum) of the pre- 
turbidite suite cross-cut by crustacean 
galleries (Ophiomorpha annulata) 
of the post-turbidite suite. Lower to 
Middle Eocene, Tarcau Sandstone, 
Gramaticu Valley, Buzau Valley, 
Eastern Carpathians, Romania. See 
Buatois et al. (2001). (d) Paleodictyon 
cf nodo.sum showing eroded out- 
lines of vertical components. Lower 
to Middle Miocene, Shahr Bum 
Unit, Taherui, Makran Range, 
Southeastern Iran. See Crimes and 
McCall (1995). (e) Spirophycus 

hicornis cross-cutting Lorenzinia pus- 
tulosa. Eocene, Ganei Slates, Ganei, 
Swiss Alps. See Wetzel and Uchman 
(1997). All scale bars are 1 cm. 



These authors contrasted the role of strong and weak bottom 
currents. They noted that strong currents may result in intense 
and deep erosion, formation of non-deposition horizons and/ 
or deposition of sand-dominated contourites. Deep erosion 
and long-term non-deposition is commonly conducive to the 
development of the Glossifungites ichnofacies in compacted 
sediment. Sandy contourites tend to be intensely bioturbated, 
displaying a combination of trace fossils produced by shal- 
low-tier ploughers and deep-tier structures, such as Skolithos, 
Scolicia and Planolites, as well as deeply emplaced crustacean 
domiciles (e.g. Thalassinoides, Gyrolithes). 

Weak bottom currents commonly deposit fine-grained par- 
ticles and abundant organic matter, resulting in the forma- 
tion of mud-dominated contourites. Because these sediments 



commonly have anoxic pore waters at very shallow depths, ich- 
nodiversity tend to be low and trace fossils are typically small. 
Chondrites is commonly dominant, and Nereites may form 
along the redox boundary. Low sedimentation rates may be 
conducive to intense bioturbation, particularly if bottom cur- 
rents supply additional food. In these cases, distinction from 
silty/muddy turbidites and hemipelagites may be complicated. 

9.2.2 COARSE-GRAINED TURBIDITE SYSTEMS 

Coarse-grained turbidite systems are characterized by (1) 
very high sandstone/shale ratio, including the interchan- 
nel areas; (2) medium- and coarse-grained sands with little 
or no clay minerals; and (3) gradual progradation into the 
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Box 9.3 Colonization of Eocene muddy turbidites in the Polish Carpathians 

Detailed ichnofabric analysis in muddy turbidites of the Eocene Beloveza Formation of the Polish Carpathians allows the 
reconstruction of the colonization of event beds in the deep sea. Evaluation of cross-cutting relationships demonstrates 
that colonization was sequential and most likely controlled by changes in geochemical conditions, particularly re-adjust- 
ment and re-establishment of the redox boundary. The makers of Phycosiphon and Halopoa were the first to exploit the 
newly emplaced substrate. The former is suited to colonize well-oxygenated muds, while the later displayed a preference 
for sandy substrates. After re-establishment of the redox boundary, Nereites was emplaced probably exploiting microbial 
organic matter right above the redox discontinuity. Next in the sequence was Chondrites, which was able to penetrate below 
the redox boundary, even reaching below the previously emplaced turbidite layer. Ophiomorpha and Scolicia represent the 
deepest tier and most likely record permanent bioturbation that was unaffected by the deposition of new turbidites. Both 
reflect adaptations to burrowing though sand and mud, and to coping with oxygen-restricted conditions. This model is 
consistent with observations from the modern deep-sea floor that suggest that newly emplaced turbidites contain abundant 
organic matter and are fully oxygenated. However, because oxygen consumption exceeds oxygen production, the lower 
part of the turbidite and the buried hemipelagic layer become rapidly depleted in oxygen. 

Reference: Wetzel and Uchman (2001). 



basin (Bouma, 2000a, b, 2004). Because of the scarcity of 
very fine-grained sediment, coarse-grained turbidite systems 
are poorly efficient (Mutti, 1979). These systems are more 
typical of active margins, and tend to occur in basins with 
narrow shelves and coastal plains. Submarine channels form 
at the base of the slope and are typically of a low sinuosity, 
braided-type. Because of their poor efficiency, lobe deposits 
are formed relatively close to the base of slope (Fig. 9.12). 

As in the case of fine-grained turbidite systems, high-energy 
channelized areas and the most proximal zones of sheet-sand 
depositional lobes are typically unbioturbated or may contain 
trace fossils that are usually common in shallow water, illus- 
trating the Skolithos ichnofacies in a deep-marine context (e.g. 
Kern and Warme, 1974; Buatois and Lopez Angriman, 1992b). 
However, and in contrast to fine-grained turbidite systems, the 
Nereites ichnofacies (in particular, the Paleodictyon ichnosub- 
facies) is rare to absent in coarse-grained deep-marine sys- 
tems. The absence or scarcity of graphoglyptids is not a direct 
result of grain size because off-channel and lobe thin-bedded 
turbidites of the same grain size occur in both fine-grained 
and coarse-grained turbidite systems. Rather, the ichnofauna 
of thin-bedded turbidites in coarse-grained turbidite systems 
tends to be dominated by feeding traces of deposit feeders, 
such as Phycosiphon, Chondrites, Planolites, and Zoophycos, 
suggesting affinities with the Zoophycos ichnofacies (Buatois 
and Lopez Angriman, 1992b) (Fig. 9.12) (Box 9.4). The 
replacement of the Nereites ichnofacies by the Zoophycos 
ichnofacies is most likely due to the associated narrow shelf 
and the close proximity of frontal splays to the base of the 
slope. This may have promoted a high frequency of sediment 
gravity flows supplying significant amounts of organic matter 
to the system, precluding the need for the sophisticated farm- 
ing strategies that characterize agrichnial structures (Buatois 
and Lopez Angriman, 1992b). In some cases, it is even possible 
that the post-turbidite suite displays higher diversity than the 
pre-turbidite suite (e.g. W. Miller, 1991b). These post-turbidite 



trace fossils may have exploited abundant plant detritus accu- 
mulated within the event-flow sand. 



9.3 HYPERPYCNAL SYSTEMS 



In recent years, a number of studies have underscored 
the importance of sustained turbidity currents or hyper- 
pycnal flows as opposed to more classic episodic turbid- 
ity currents (Mulder and Syvitski, 1995; Mutti et al., 1996; 
Plink-Bjorklund and Steel, 2004; Zavala et al., 2011). Even 
more recently, ichnological studies started to focus on the 
trace-fossil signatures of both modern and ancient deep-ma- 
rine hyperpycnites (Ponce et al., 2007; Wetzel, 2008; Olivero 
et al., 2010; Carmona and Ponce, 2011). Studies from modern 
deep-sea bottoms indicated that hyperpycnal-flow deposits 
provide a more appropriate substrate for rapid colonization, 
particularly in comparison with volcanic ash (Wetzel, 2008). 
Hyperpycnal flows typically transport larvae, juvenile, and 
adult organisms, together with benthic food to the deep sea, 
resulting in deposits commonly containing abundant organic 
matter. Analysis of Upper Eocene-Lower Oligocene hyper- 
pycnal-flow deposits of Tierra del Fuego, southern Argentina, 
indicates that bioturbation typically occurs in connection 
with pause horizons (Ponce et al., 2007). This ichnofauna is 
dominated by Phymatoderma (Fig. 9,14a-b) with Chondrites 
(Fig. 9.14c), Zoophycos {¥\g. 9.14b), Tasselia (Fig. 9.14d), and 
Paradictyodora (Fig. 9.14b) also being common. The bioturb- 
ated deposits correspond to mudstone accumulated during 
the backstepping stage of the flow, overlying forestepping- 
stage unbioturbated sandy-channel and lobe deposits. 

Proximal-distal trends in trace-fossil distribution with respect 
to both the paleoshoreline and the axis of the channel in a deep- 
marine system dominated by hyperpycnal flows have been eval- 
uated in Miocene deposits of the same region (Carmona and 
Ponce, 2011). Hyperpycnal-channel and inner-levee deposits 
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Figure 9.12 Schematic reconstruc- 
tion of trace-fossil distribution in 
coarse-grained turbidite systems. As 
in the case of fine-grained turbidite 
systems, the base of the incised can- 
yon is characterized by a firmground 
suite that may contain Thalassinoides 
(Th) and Rhizocoratlium (Rli) illus- 
trating the Glossifungites ichno- 
facies. Submarine-channel and 
terrace deposits typically contain 
Ophiomorpha (Op), Skolithos (Sk), 
and Arenicotites (Ar). Frontal-splay 
deposits may exhibit Palaeophycus 
(Pa), Ophiomorpha (Op), and 
Thalassinoides (Th). Frontal-splay 
fringe deposits may contain Nereites 
(Ne), Zoophycos (Zo), and Chondrites 
(Ch). Basin-plain deposits are char- 
acterized by an indistinct bioturb- 
ated mottling. 



Box 9.4 Ichnology of a Cretaceous coarse-grained turbidite system of Antarctica 

The Cretaceous Whisky Bay Formation of the James Ross Island, Antarctica, represents part of the infill of a back-arc basin. 
Deposition occurs in a submarine braided-channel complex comprising a wide variety of subenvironments, including main 
and secondary braided channels, adjacent marginal terraces and sandy plains, and muddy and sandy interchannel areas. The 
main braided channel deposits are unburrowed, but two main ichnocoenoses have been recognized in the other subenviron- 
ments. The first ichnoeoenose occurs in conglomerate and pebbly sandstone which accumulated in minor braided ehannels, 
marginal terraces, and sandy plains. It consists of Arenicolites, Diplocraterion (Fig. 9.13a), Skolithos, Thalassinoides (Fig. 
9.13b), Palaeophycus, and Planolites. It is essentially dominated by dwelling trace fossils of suspension feeders, illustrating the 
Skolithos ichnofacies. The second ichnoeoenose is present in sandstone and mudstone of the interchannel areas. It consists 
of Zoophycos, Chondrites, and Cylindrichnus. It is dominated by feeding traces of deposit feeders, representing the Zoophycos 
iehnofacies. The absence of graphoglyptids is attributed to a high frequency of sediment gravity flows that introduced abun- 
dant organic material, inhibiting the establishment of complex farming strategies. The Whisky Bay Formation provides a good 
example of the most relevant ichnological features of a coarse-grained turbidite system. 

Reference: Buatois and Lopez Angriman (1992b). 



tend to contain dwelling trace fossils of suspension feeders, 
such as Diplocraterion. Outer-levee deposits tend to be domi- 
nated by opportunistic grazing and locomotion structures (e.g. 
Protovirgularia, Gordia, and Scolicia) and concentrically lam- 
inated burrows. In the middle positions of the system, at the 
base of the depositional slope, bivalve escape structures occur 
in sandstone bodies. High sedimentation rates and fluctuating 
salinity, together with energy fluctuations and high food sup- 
ply, may have been the most important limiting factors. The 
importance of salinity fluctuations is also supported by the 
presence of synaeresis craeks in levee deposits (Carmona and 
Ponce, 2011; Ponce and Carmona, 2011). A higher intensity of 



bioturbation was recorded in distal hyperpycnal-lobe deposits, 
but ichnodiversity is low to moderate. The distal assemblage is 
dominated by deposit-feeder structures, such as Scolicia and 
Nereites. Salinity fluctuations were apparently less intense than 
in the more proximal positions (Carmona and Ponce, 2011). 
Graphoglyptids are virtually absent in these hyperpycnal-flow 
deposits. 

Also in Tierra del Fuego, Olivero et al. (2010) analyzed the 
ichnology of an Eocene channel-levee complex containing both 
hyperpycnal-flow and turbidity-current deposits. Channel-fill 
to proximal-levee thick-bedded sandstone is dominated by 
Ophiomorpha rudis. Proximal to distal-levee thinner-bedded 
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Figure 9.13 Trace fossils from coarse- 
grained turbidite system deposits in 
the Lower Cretaceous Whisky Bay 
formation of James Ross Island, 
Antarctica, (a) Diplocraterion isp. 
penetrating into an abandoned- 
channel pebble conglomerate from 
a mudstone layer mantling the 
coarse-grained deposit. Scale bar is 
1 cm. (b) Thalassinoides suevicus in 
marginal-terrace pebbly sandstone. 
Lens cover is 5.5 cm. See Buatois 
and Lopez Angriman (1992b). 




Figure 9.14 Trace fossils from deep- 
marine hyperpycnal deposits in the 
Upper Eocene to Lower Oligocene 
Punta Gruesa Beds, Tierra del 
Fuego, southern Patagonia, 
Argentina, (a) Phymatoderma gran- 
ulata. (b) Phymatoderma granulata 
(PK), Zoophycos isp. with pelletoi- 
dal infill (Zo), and Paradictyodora 
antarctica (Pa), (c) Chondrites isp. 
(d) Tasselia isp. Note overlying ero- 
sive surface. All bars are 1 cm. See 
Ponce et al. (2007). 
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Box 9.5 Biogenic structures in modern deep-sea floors off New Caledonia, southwestern Pacific 

Bottom photographs taken in modern deep-sea floors off New Caledonia from water depths of 800 to more than 3000 m docu- 
mented the presence of a wide variety and complexity of biogenic structures. Most biogenic structures occur over a rather large 
depth range. Simple holes and mounds are ubiquitous, being abundant along the whole bathymetric range analyzed. However, 
two main associations were recognized. The deep-slope association is dominated by composite craters having actinarian and 
enteropneust traces, and horseshoe-shaped traces of an unknown maker. The basin-plain association is dominated by incipi- 
ent Asteriacites and linear grooves. In addition, although other traces show wider bathymetric ranges, they tend to be more 
abundant at certain water depth ranges. For example incipient Lorenzinia is common at 2100-2300 m deep and Scolicia at 
1600-2200 m. Incipient Paleodictyon is apparently present only at water depths below 1700 m and incipient Uwhelminthoida 
seems to occur between 1700-2150 m. Overall, holothurians and echinoderms are the most important tracemakers. This study 
reinforces the idea that deep-tier bioturbation and erosion are detrimental to the preservation of graphoglyptids, underscoring 
the role of slightly erosive turbidity currents in the preservation of agrichnial structures. 

Reference: Gaillard (1991). 



turbidites and hyperpycnites contain various ichnotaxa, such 
as Nereites, Phycosiphon, Tasselia, Diplocraterion, and sev- 
eral graphoglyptids, including Cosmorhaphe, Desmograpton, 
Glockerichnus, Paleodictyon, and Helicolithus, among other 
ichnogenera. Some of these deposits display a high content of 
plant debris. The presence of graphoglyptids in organic-rich 
deposits that accumulated in an overall high-energy setting is 
apparently rather unusual, but, in fact, underscores the role of 
taphonomic controls and times of oligotrophy in graphoglyptid 
distribution (see Section 9.2.1). 

9.4 BASIN PLAINS 



The basin plain corresponds to flat and deep areas of the sea 
bottom (Stow et ai, 1996). Here, we specifically address those 
areas of the basin plain that are removed from turbidity- 
current or bottom-current supply, and that are dominated by 
hemipelagic and pelagic sedimentation. Evaluating the role of 



the fossilization barrier is essential in characterizing the ich- 
nology of basin-plain environments. Complex grazing trails 
and graphoglyptids have been observed and photographed 
on modern basin plains during exploration of the deep sea 
(Ewing and Davis, 1967; Heezen and Hollister, 1971; Hollister 
et al., 1975; Kitchell et al., 1978a, b; Ekdale and Berger, 
1978; Kitchell, 1979; Ekdale, 1980; Gaillard, 1991) (Box 9.5). 
However, the fossilization potential of these structures is vir- 
tually zero because the absence of sand emplaced by turbidity 
currents precludes their preservation along lithological inter- 
faces. Continuous vertical accretion of the deep-sea floor is 
conducive to intense reworking of the sediment and destruc- 
tion of shallow-tier representatives of the Nereites ichnofacies 
by deep-infaunal bioturbators (Ekdale and Berger, 1978; 
Wetzel, 1983, 1984). Pelagic deposits contain deep-tier dwell- 
ing and feeding structures, such as Zoophycos, Thalassinoides, 
Teichichnus, and Planolites. In the distal-most settings, the 
extremely low sedimentation rates allows complete homogeni- 



zation of the substrate, and only a mottled texture attributed 
to Planolites is observed (Bromley, 1990, 1996). 
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The prevalent notion that trace fossils are comparatively rare in nonmarine facies is more a reflection of insufficient reconnaissance 
than of a true dearth of specimens. 

Robert Frey and George Pemberton 
“The Psilonichnus ichnocoenose, and its relationship to adjacent marine and 
nonmarine ichnocoenoses along the Georgia coast” (1987) 

Vemos las cosas segun como las interpretamos. Lo llamamos prevision: saber de antemano, estar prevenidos. Usted en el campo sigue el ras- 
tro de un temero, ve huellas en la tierra seca, sabe que el animal esta cansado porque las marcas son livianas y se orienta porque los pajaros 
bajan a picotear en el rastro. No puede buscar huellas al voleo, el rastreador debe primero saber lo que persigue: hombre, perro, puma. Y 
despues ver. Lo mismo yo. Hay que tener una base y luego hay que inferir y deducir. Entonces - concluyo - uno ve lo que sabe y no puede 
ver si no sabe. . .Descubrir es ver de otro modo lo que nadie ha percibido. Ese es el asunto.. - Es raro, penso Renzi, pero tiene razon -. 

Ricardo Piglia 
Blanco Nocturno (2010) 



Historically invertebrate ichnology has focused on marine ichno- 
faunas. However, studies have gradually moved into freshwater 
and, more recently, terrestrial environments. As a result, con- 
tinental ichnology has experienced a remarkable development 
during the last 15 years, and our perspective on this topic has 
changed dramatically. Earlier case studies started to show that 
continental invertebrate ichnofaunas were more varied and abun- 
dant than originally envisaged (e.g. Bromley and Asgaard, 1979; 
Bown, 1982; Pollard et al., 1982; Frey et al., 1984b; Walker, 1985; 
Ekdale and Picard, 1985; D’Alessandro et al., 1987; Gierlowski- 
Kordesch, 1991; Pickerill, 1992). It rapidly became clear that 
continental environments were as numerous and diverse as mar- 
ine settings, and that such variability was indeed reflected in the 
ichnological record (Frey and Pemberton, 1987). Subsequent 
work focused on the expansion of the continental dataset, but 
more significantly in the proposal of archetypal ichnofacies in 
addition to the Scoyenia ichnofacies (Smith et ah, 1993; Buatois 
and Mangano, 1995b, 2004a, 2007; Bromley, 1996; Genise et al., 
2000, 2004b, 2010a). Also, the potential and limitations of the 
ichnofabric approach to the study of freshwater and terrestrial 
ichnofaunas have been addressed in a number of studies (e.g. 
Buatois and Mangano, 1998, 2007; Genise et ah, 2004a; Buatois 
et al., 2007a). More recently, proposals have been made to 
define continental ichnofacies based on vertebrate trace fossils 
(Lockley et al., 1994; Hunt and Lucas, 2006a, 2007). There has 
also been a recent revival of continental neoichnology (e.g. Scott 
et al., 2007b; Smith and Hasiotis, 2008; Hembree, 2009; Genise 
et ah, 2009). The fields of invertebrate and vertebrate ichnology 
have evolved independently, and research involves two separate 
scientific communities to a great extent (Lockley, 2007). This is 
certainly not a significant problem in marine ichnology, but it 
has had a negative impact on continental ichnology. The need 
to integrate vertebrate and invertebrate datasets has long been 
recognized (e.g. Buatois and Mangano, 1995b, 1996), but little 



progress has been attained. However, a series of recent papers 
seem to show that a better articulation between invertebrate 
and vertebrate ichnology is possible (e.g. Melchor et al., 2006; 
Lockley, 2007; Hunt and Lucas, 2007; Minter et al., 2007b; Scott 
et al., 2007b; Krapovickas et al, 2009). Integration of both data- 
sets will be essential to produce more robust depositional models 
of continental environments. 

While most, if not all, of the ichnotaxa from the various ter- 
restrial ichnofacies are produced by insects, and are restricted 
to continental environments (e.g. Coprinisphaera, Termitichnus, 
Celliforma, Eatonichnus), this is not entirely the case with the 
ichnogenera commonly recorded from the freshwater Mermia 
and Scoyenia ichnofacies (Buatois and Mangano, 2007). With 
the exception of Scoyenia, Mermia, Camborygma, and some 
arthropod trackways (e.g. Stiaria, Stiallia, Hexapodichnus), 
the other components of these ichnofacies are facies-cross- 
ing ichnotaxa known from both the continental and mar- 
ine realm (e.g. Taenidium, Palaeophycus, Planolites, Gordia, 
Plelminthopsis, Plelminthoidichnites, Cochlichnus, Treptichnus). 
Meniscate trace fossils informally referred to by some authors 
as “adhesive meniscate burrows” (e.g. Hasiotis, 2004) were 
subsequently included in a new ichnogenus, Naktodemasis, 
based on meniscate packaging (Smith et al, 2008a). Although 
this ichnotaxon seems to be exclusive of continental environ- 
ments, it clearly falls within the diagnosis of Taenidium and it 
is better regarded as a separate ichnospecies, T. bowni, rather 
than a new ichnogenus (Krapovickas et al, 2009). The eolian 
Octopodichnus-Entradichnus ichnofacies contain some forms 
exclusive to continental environments (e.g. Octopodichnus, 
Paleohelcura) associated with other facies-crossing ichnotaxa 
(e.g. Palaeophycus, Planolites) (Hunt and Lucas, 2007; Ekdale 
et al, 2007). Entradichnus has also only been recorded in con- 
tinental environments, but its distinction from Taenidium is 
still unclear (Keighley and Pickerill, 1994; Ekdale et al, 2007). 
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While subaerial ichnofaunas are overwhelmingly dominated by 
terrestrial insects and, to a lesser extent, arachnids, freshwater 
ichnofaunas mostly reveal behavioral convergence of many dif- 
ferent groups, including aquatic insects, but also crustaceans 
and mollusks, to name a few. As a result, freshwater ichnofau- 
nas more closely resemble marine associations than their terres- 
trial counterparts. Undoubtedly, it is the whole assemblage that 
should be analyzed in order to distinguish between marine and 
freshwater ichnofaunas. 

Conversely, there is a large number of ichnotaxa that are 
exclusive of marine settings. These include all the typical ele- 
ments of the Nereites and Zoophycos ichnofacies, and most of 
the ichnotaxa of the Cruziana ichnofacies (e.g. Asterosoma, 
Rosselia, Dactyloidites, Arthrophycus, Asteriacites, Curvolithus, 
Psammichnites, Teichichnus). These trace fossils reflect specific 
behavioral patterns that are exclusive of marine organisms. 
Some typical marine ichnogenera (e.g. Paleodictyon, Nereites, 
Scolicia, Chondrites) have occasionally been mentioned in con- 
tinental deposits (e.g. Smith et al., 1982; Archer and Maples, 
1984; Pickerill, 1990; Hu et al, 1998; Hasiotis, 2002, 2004; Kim 
et al., 2005), but they have been misidentified. Re-examination 
invariably indicates that the forms reported in freshwater set- 
tings are much simpler than the marine ichnotaxa, and that 
they do not display the diagnostic features of those ichnogenera 
(Buatois and Mangano, 2007). In this chapter, we review the ich- 
nology of different continental environments, from alluvial fans 
and fluvial systems to lakes and deserts, as well as paleosols. 

10.1 ALLUVIAL FANS 



Alluvial fans occur where a channel emerges from a mountain- 
ous upland to an adjoining valley depositing coarse-grained 
material at a marked break in the slope, forming a sedimentary 
body with a form that resembles the segment of a cone radiat- 
ing downslope (Bull, 1977; Blair and McPherson, 1994; Harvey 
et al., 2005). Alluvial fans typically contain coarse-grained sedi- 
ment, particularly at their mouths, but display a decrease in grain 
size towards their edges. Ichnological studies of alluvial-fan 
successions are virtually non-existent. Rapid rates of sedimen- 
tation, high energy and coarse-grained sediments, commonly of 
gravel-size, make alluvial-fan environments extremely harsh for 
animal life. As a result, colonization by invertebrate and verte- 
brate burrowers is unusual, and typically associated with pauses 
in sedimentation. In addition, the preservation potential of 
almost any structure produced in alluvial-fan sediments is low 
because of the strongly erosive nature of depositional events, 
particularly in the most proximal zones of the systems. 

The few studies documenting alluvial-fan ichnofaunas in 
the fossil record deal with biogenic structures produced in the 
most distal zones of these systems, particularly in the areas that 
are transitional with braided-river systems, where both inver- 
tebrate (e.g. MacNaughton and Pickerill, 1995; Neef, 2004a; 
Krapovickas et al, 2008), and vertebrate (e.g. Garcia-Ramos 
and Valenzuela, 1979; Carvalho et al., 1995; Carvalho, 1996) 



trace fossils are preserved in sandstone beds. Invertebrate trace 
fossils in distal alluvial-fan deposits are remarkably simple, and 
consist of a few facies-crossing ichnotaxa, such as Palaeophycus 
and Skolithos, which commonly reflect progressive consolida- 
tion of the substrate due to desiccation (Krapovickas et al., 
2008). Slightly more diverse ichnofaunas, dominated by arthro- 
pod locomotion trace fossils, such as Cruziana, Diplichnites, 
Diplopodichnus, Merostomichnites, and Palmichnium, occur in 
ponded areas where fine-grained sedimentation may be locally 
important (Neef, 2004a). Vertebrate ichnofaunas recorded in 
alluvial-fan deposits are scarce, and mostly consist of poorly pre- 
served dinosaur trackways in Mesozoic strata (e.g. Garcia-Ramos 
and Valenzuela, 1979; Carvalho et al., 1995; Carvalho, 1996). In 
addition, the ichnogenus Ichniotherium, probably produced by 
reptilomorph amphibians (Voight et al., 2007), is common in 
Permian distal alluvial-fan deposits (Hunt and Lucas, 2006a). 

In terms of archetypal ichnofacies, alluvial-fan systems dis- 
play a transition from the Skolithos to the Scoyenia ichnofacies. 
The Skolithos ichnofacies tends to occur at the top of channel 
sandstones, reflecting rapid colonization during short breaks in 
sedimentation. The Scoyenia ichnofacies is extremely impover- 
ished, commonly containing one or two ichnotaxa, but a diver- 
sity increase may occur in associated ponds. With respect to 
vertebrates, the so-called Ichniotherium sub-ichnocoenosis of 
the Batrachichnus ichnofacies typically occurs in alluvial-fan 
settings from the Devonian to the Middle Triassic (Hunt and 
Lucas, 2006a, 2007). 

10.2 RIVERS 



Fluvial systems include a wide range of lithofacies and archi- 
tectural elements, representing a complex mosaic of subenvi- 
ronments, such as channels of variable sinuosity, containing 
different types of bars, and overbank settings displaying levees, 
crevasse splays, and floodplains (Miall, 1996). Modern rivers are 
inhabited by a wide variety of vertebrates (e.g. fish, amphibians, 
and reptiles) and invertebrates, including aquatic to semiaquatic 
insects (e.g. ephemeropterans, trichopterans, dipterans, cole- 
opterans, hemipterans); several groups of crustaceans, such as 
ostracodes, branchiopods (e.g. conchostracans), and malacostra- 
cans (e.g. amphipods, decapods), as well as oligochaete annelids, 
nematodes, nematomorphs, and mollusks (Chamberlain, 1975; 
Ratcliffe and Fagerstrom, 1980; Hasiotis and Bown, 1992; Giller 
and Malmqvist, 1998; Cushing and Allan, 2001). Many of these 
organisms are able to produce a relatively wide variety of biogenic 
structures. However, trace fossils are not abundant in fluvial suc- 
cessions. In a classic study, Ratcliffe and Fagerstrom (1980) dem- 
onstrated that modern floodplains are very rich in invertebrate 
structures, although relatively few of the forms documented by 
these authors have been reported from the fossil record. This fact 
suggests that the problem of scarcity of trace fossils in continen- 
tal successions is, at least in part, one of preservation potential. 

Although it is sometimes assumed that fluvial ichnofau- 
nas have not been frequently reported from the fossil record. 
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Figure 10.1 Schematic reconstruction 
of trace-fossil distribution in braided 
river systems. Composition of verte- 
brate ichnofaunas is highly variable 
according to geological age. Active- 
channel deposits contain Skolithos 
(Sk). Abandoned-channel deposits 
may display the meniscate trace fos- 
sils Taenidium (To) and Beaconites 
(Be), as well as vertebrate trace fossils 
such as the bird trackway Fuscinapeda 
(Fu). Sandbar deposits may exhibit 
Skolithos (Sk), Taenidium (Ta), 
Flelminthopsis (He), and Diplichnites 
(Dp). Floodplain deposits typically 
host Scoyenia (Sc), Beaconites (Be), 
Cochlichnus (Co), Diplichnites (Dp), 
Cruziana (Cr), and Rusophycus (Ru). 
Vertebrate trackways and excava- 
tions (Ex) are typically abundant 
and diverse in floodplain deposits. 
Examples include the theropod 
ichnogenera Grallator (Gr) and the 
shorebird ichnotaxa Ignotornis (Ig) in 
the Mesozoic. Various types of heter- 
opod trackways (Ht) are common in 
the Cenozoic. Vertebrate and inverte- 
brate trace fossils not to scale. 



recent compilations have shown that several examples have 
been documented (Buatois and Mangano, 2007; Min ter et al., 
2007b). Abundance and diversity of trace fossils in fluvial 
successions are highly variable from one subenvironment to 
the other. Thick successions of fluvial deposits are commonly 
unburrowed or display trace fossils only in discrete beds. 
Suites are typically monospecific or contain few ichnotaxa. 
In contrast, the density of biogenic structures may be quite 
high locally. Ichnofossil distribution in fluvial environments 
largely depends on the variability in stream discharge and the 
amount of time between depositional episodes (D’Alessandro 
et al., 1987). Recent work indicates that ichnofossils have 
been recorded more commonly in meandering rather than in 
braided deposits (Buatois and Mangano, 2007). Only a few 
examples are known in anastomosing and ephemeral deposits, 
but this sparse record probably reflects lack of studies rather 
than true absence. Overall, more favorable preservational con- 
ditions occur in abandoned channels and associated floodplain 
settings, instead of active channels (Figs. 10.1 and 10.2). The 
Scoyenia ichnofacies occurs in deposits of any fluvial style, but 
the Mermia ichnofacies is more common in floodplain depos- 
its of meandering systems (Buatois and Mangano, 2007). The 
Skolithos ichnofacies seems to be more common in channel 
sandstones of braided rivers (e.g. Fitzgerald and Barrett, 1986; 
Zawiskie et ah, 1983), but has also been recorded in ephemeral 
systems (Sarkar and Chaudhuri, 1992). Buatois and Mangano 
(2004a) distinguished between ichnofaunas from channel and 
overbank deposits, a classification framework that is followed 
here. The ichnology of the subaerial portion of the alluvial 



plain characterized by soil development is discussed elsewhere 
(see Section 10.5). 

10.2.1 CHANNELS 

Fluvial channels display high to relatively high energy, rapid 
fluctuations in flow velocity and rates of sedimentation and 
erosion, unstable banks and floors, and coarser-grain sizes 
than associated overbank environments. Running water or lotic 
habitats represent stressful and unstable environments for col- 
onization by a benthic fauna. Accordingly, production and/or 
preservation of biogenic structures are commonly inhibited. 
Buatois and Mangano (2004a, 2007) noted that some fluvial- 
channel ichnofaunas seem to have been emplaced when the 
channel is still active, while others reflect colonization after 
channel diversion (“abandonment”), or during periods of low 
discharge characterized by non-deposition (“inactive”). 

Active-channel deposits tend to have a meager trace-fossil 
record (Fig. 10.3). These deposits are characterized by low-di- 
versity suites (typically monospecific), and dominance of simple 
vertical burrows and escape traces (e.g. Bradshaw, 1981; Zawiskie 
et al, 1983; Fitzgerald and Barrett, 1986; Woolfe, 1990; Sarkar 
and Chaudhuri, 1992). The degree of bioturbation is commonly 
low, although dense assemblages of moderately deep to deep 
Skolithos are known (e.g. Fitzgerald and Barrett, 1986) (Figs. 

10. 1 and 10.2). Affinities with the Skolithos ichnofacies are con- 
sistent with the associated environmental seenario, although 
the identity of the tracemakers and the functional significance 
of these vertical structures are poorly understood (Buatois and 
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Figure 10.2 Schematic reconstruction 
of trace-fossil distribution in mean- 
dering river systems. Composition of 
vertebrate ichnofaunas is highly vari- 
able according to geological age. As 
in the case of braided rivers, active- 
channel deposits contain Skolithos 
(Sk). Abandoned-channel deposits 
commonly display Beaconites (Be), 
as well as vertebrate trace fossils such 
as the bird trackway Fuscinapeda (Fu) 
and a variety of heteropod trackways 
(Ht). Crevasse-splay deposits may 
exhibit Taenidium ( Ta), Planolites (PI), 
Cruziana (Cr), Rusophycus (Ru), and 
Diplichnites (Dp). Examples of ver- 
tebrate trace fossils in crevasse-splay 
deposits include the theropod ichno- 
genera Grallator (Gr) in Mesozoic 
strata and various types of heteropod 
trackways (Ht) in Cenozoic strata. 
Pond deposits may host CochUchnus 
(Co), Planolites (PI), Lockeia (Lo), 
Palaeophycus (Pa), Helminthopsis 
(He), and Helminthoidichnites (Hd). 
Vertebrate trackways are abundant 
and diverse in pond deposits includ- 
ing, for example, the shorebird ich- 
nogenus Ignotornis (Ig) in Mesozoic 
strata. Vertebrate and invertebrate 
trace fossils not to scale. 



Mangano, 1998, 2004a, 2007; White and Miller, 2008). In other 
situations, colonization of omission surfaces may have occurred 
(Netto et al., 2007). More rarely, vertebrate swim tracks, such 
as those produced by turtles (e.g. Chelonipus), are preserved in 
channel deposits (Lockley and Foster, 2006). 

Abandoned- or inactive-channel deposits contain meniscate 
trace fossils (Beaconites and Taenidium), vertical to inclined 
burrows (Skolithos and Cylindricum), arthropod trackways 
(Diplichnites), and simple horizontal burrows (Palaeophycus) 
(e.g. Allen and Williams, 1981; Graham and Pollard, 1982; 
Bamford et al., 1986; Sarkar and Chaudhuri 1992; Miller and 
Collinson, 1994; Miller, 2000; Keighley and Pickerill, 2003; 
Morrissey and Braddy, 2004; Lucas et al., 2006a; Buatois et al., 
2007a) (Fig. 10.3). Vertebrate (e.g. dinosaur and bird) tracks 
may occur locally in profuse densities at the top of abandoned- 
channel deposits (e.g. Lockley et al., 2003, Falcon-Lang et al., 
2007) (Figs. 10.1 and 10.2). Ichnodiversity is typically low, but 
relatively high when compared to active channels. The degree 
of bioturbation is highly variable. Low to moderate intensities 
of bioturbation are common, but high bioturbation indexes are 
locally measured, more commonly at the top of channel-sand- 
stone units (e.g. Buatois et al, 2007a). Meniscate trace fossils 
reflect the activity of vagile organisms that excavate while search- 
ing for food, most likely revealing a combination of bypassing 
and ingestion. Vertical to inclined burrows may serve several 
functions, such as permanent domiciles, semi-permanent shel- 
ters, nests, and passageways (Stanley and Fagerstrom, 1974). 



Insect nesting trace fossils may also be present, reflecting the 
ability of these organisms to colonize various types of sub- 
strates (Genise et ah, 2000) (see Section 10.5). Tracemakers that 
colonize abandoned or inactive channels are regarded as behav- 
ioral generalists that record an opportunistic strategy (Miller 
and Collinson, 1994). Ichnofaunas of abandoned- or inactive- 
channel deposits are similar in taxonomic composition to those 
from overbank deposits, because abandoned channels lead to 
the formation of ponded areas (Fig. 10.3). In terms of arche- 
typal ichnofacies, abandoned- or inactive-channel ichnofaunas 
belong to the Scoyenia ichnofacies. If channels are reactivated, 
the Skolithos ichnofacies is re-established. 

10.2.2 OVERBANK 

Overbank settings encompass a wide variety of subenviron- 
ments, including floodplains, crevasse splays and levees, which 
comprise complex riparian ecosystems (Naiman et al., 2005). 
These represent quite unique habitats in which a link is estab- 
lished between aquatic and terrestrial realms (Malanson, 1993). 
Ecological studies suggest that the lateral water flow that char- 
acterizes these settings near river channels ranks among one 
of the most important controlling factors in riparian ecology 
(e.g. Brown et ah, 1979; Malanson, 1993). Overbank flooding 
helps to define terrestrial-aquatic gradients, from perennially 
inundated wetlands through frequently inundated wetlands to 
occasionally and infrequently flooded areas. 
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Figure 10.3 Taphonomic pathways of fluvial ichnofaunas showing transitions between different channel and overbank trace-fossil suites. Substrate 
consolidation plays a major role in controlling ichnofacies occurrence (after Buatois and Mangano 2004a, 2007). 



Box 10.1 Ichnology of Miocene fluvial deposits of the Sub-Andean region of Bolivia 

Cenozoic deposits with thicknesses up to 7.5 km accumulated in the Chaco foreland basin of the Sub- Andean region 
of Bolivia, mostly recording sedimentation in fluvial environments. Bioturbation is widespread in anastomosed fluvial 
deposits of the Upper Miocene Tariquia Formation. This unit is dominated by Taenidium barretti, illustrating the Scoyenia 
ichnofacies. Ichnodiversity is remarkably low and trace-fossil composition does not change significantly throughout 
the succession, but ichnofabric analysis reveals some degree of variability as a result of various taphonomic pathways 
(Fig. 10.4). Abandoned main-channel deposits are sparsely bioturbated, while medium- to very fine-grained crevasse 
sandstone and overbank mudstone display intense and deep bioturbation (bi = 6), showing complete destruction of the 
primary sedimentary fabric. Main-channel and crevasse-splay sandstones both display upward increases in degree of bio- 
turbation. The tops of the channel and crevasse-splay sandstones represent colonization surfaces, therefore, allowing dir- 
ect measurements of maximum burrowing depth. Some specimens of Taenidium barretti may extend up to 2.2 m into the 
crevasse sand sheets. Depth and intensity of bioturbation of the main-channel and crevasse sandstones are a reflection of 
the colonization window (i.e. time between depositional events). Main-channel and crevasse sandstones that underlie thick 
packages of bioturbated overbank mudstones are intensely bioturbated, as a result of prolonged periods of low-energy 
sediment fall-out between crevassing events. Conversely, the lowest degree of bioturbation occurs in amalgamated channel 
sandstone units underlying thin intervals of overbank mudstones, reflecting high-frequency depositional episodes. 



Reference: Buatois et a!. (2007a). 
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Figure 10.4 Ichnofabric distribution in anastomosed fluvial systems from the Upper Miocene Tariquia Formation of Bolivia (modified from 
Buatois et al, 2007a). 



Trace fossils are more abundant and varied in overbank 
deposits, particularly where standing bodies of water are estab- 
lished (e.g. Fordyce, 1980; D’Alessandro et al., 1987; Buatois 
et al., 1997a; Buatois and Mangano, 2002, 2004a; Keighley 
and Piekerill, 2003). Although in some cases no increase 
in iehnodiversity is observed, overbank deposits are more 
intensely bioturbated than their associated channel deposits 
(Buatois et al., 2007a) (Box 10.1). In many cases, the only trace 
fossils present in a fluvial succession are found in fine-grained 



overbank intervals interbedded with unbioturbated, eoarser- 
grained staeked-channel deposits, recording taphonomic and 
colonization windows (Buatois et al., 1997a). 

Maples and Archer (1989) outlined a number of conditions 
that enhance the preservation potential of biogenic structures 
in overbank settings, namely: (1) deposition of fine-grained 
heterogeneous sediment; (2) little or no reworking; and (3) 
enough time between depositional events to allow coloniza- 
tion, but not so much time that plant colonization obliterates 
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Figure 10.5 Invertebrate and plant trace fossils in crevasse-splay depos- 
its of braided rivers Lower Triassic, Baranow Formation, Baranow 
Quarry, Holy Cross Mountains, Poland, (a) General view of bedding 
plane with Scoyenia gracilis, displaying both horizontal and vertical 
components and desiccation cracks. Scale bar is 5 cm. (b) Close-up of 
Scoyenia gracilis with well-developed scratch marks. Scale bar is 1 cm. 
(c) Vertical root trace fossil. See Bujok et al. (2008). 

animal traces. These conditions allow the preservation of deli- 
cate biogenic structures in protected ponded areas. Buatois and 
Mangano (2004a, 2007) noted that some overbank ichnofaunas 
are emplaced in water bodies that have been progressively des- 
iccated (desiccated overbank), while others record subaqueous 
colonization in water bodies filled by the vertical accretion of 
overbank deposits without experiencing desiccation (overfilled 



overbank). These two ichnofaunas commonly display con- 
trasting characteristics and are discussed separately. 

Desiccated-overbank deposits contain arthropod trackways 
(Diplichnites, Protichnites, Hexapodichnus, Trachomatichnus), 
meniscate trace fossils {Scoyenia, Taenidium, Beaconites) 
(Fig. 10.5a-b), ornamented burrows (Spongeliomorpha, 
Tambia), and bilobate trace fossils with scratch marks (Cruziana, 
Rusophycus) (e.g. Bromley and Asgaard, 1979; Bracken and 
Picard, 1984; Squires and Advocate, 1984; D’ Alessandro et al., 
1987; Debriette and Gand, 1990; Sarkar and Chaudhuri, 1992; 
Smith, 1993; Kim and Paik, 1997; Gand et al., 1997; Eberth 
et al., 2000; Savrda et al., 2000; Gierlinski et al., 2004; Buatois 
et al., 2007a; Lucas et al., 2010a). Vertical burrows {Skolithos, 
Cylindricum) and insect and arachnid nesting structures may 
also be present (Figs. 10.1 and 10.2). 

Desiccated-overbank deposits commonly contain superbly 
preserved vertebrate trackways. Late Paleozoic floodplain 
deposits may host abundant basal amniote trackways includ- 
ing a variety of sauropsids and synapsids (e.g. Smith, 1993). 
Mesozoic examples are dominated by dinosaur (e.g. theropods, 
ornithopods, sauropods), amphibian (e.g. temnospondyls), 
reptile (e.g. archosaurs, lepidosaurs), and bird trackways (e.g. 
Calafat et al., 1986; Lockley and Conrad, 1989; Fuglewicz et al., 
1990; Currie et al., 2003; Gierlinski et al., 2004; Gangloff et al., 
2004; Foster and Lockley, 2006; Flunt and Lucas, 2006b; Zhang 
et al., 2006; Smith et al., 2009) (Figs. 10.1 and 10.2). Formation 
of densely crowded tracked surfaces by chiroteriids and rhycho- 
sauroids resulted from a complex taphonomic history in which 
flooding may have led to the concentration of reptiles on nar- 
row land patches (Fuglewicz et al., 1990) (Fig. 10.6a-d). During 
low water levels, footprints were impressed on muddy substrate 
and subsequently cast by sand during the next flooding event. 
Wide varieties of bird (e.g. ciconiiforms, charadiiforms), rep- 
tile (e.g. turtles), and mammal (e.g. artiodactyls, perissodactyls, 
proboscideans, liptoterns, megatheriids, carnivores,) trackways 
occur in Cenozoic river-margin deposits (Aramayo and Manera 
de Bianco, 1996; Mustoe, 2002; Krapovickas et al., 2009). 

In addition to trackways, floodplain deposits may contain tetra- 
pod burrows (Fig. 10. 1 ). Permian-Triassic examples were produced 
by therapsids, such as Diictodon (Fig. 10.7a-c), Trirachodon, and 
Thrinaxodon (Smith, 1987; Groenewald et al., 200 1 ; Damiani et al., 
2003; Sidor et al., 2008), while similar structures in the Neogene 
are attributed to medium to small mammals, such as the primitive 
beaver Paleocastor (Martin and Bennet, 1977). Helicoidal burrows 
have been commonly placed in the ichnogenus Daimonelix, while 
other tetrapod burrows have not received formal ichnotaxonomic 
assignation. Amphibian burrows attributed to the lysorophid 
Brachydectes elongates were produced in Permian pond deposits, 
probably during episodic droughts (Hembree et al, 2004). Also, 
the finding of dinosaur skeletal remains in the expanded distal 
chamber of a burrow suggests that some dinosaurs were able to 
excavate (Varricchio et al, 2007). 

Invertebrate ichnodiversity is low to rarely moderate in 
desiccated-overbank deposits, but vertebrate trace fossils may 
be relatively diverse. The degree of bioturbation is highly vari- 
able, ranging from low to intense; some floodplain deposits may 
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Figure 10.6 Vertebrate trackways 
in crevasse-splay deposits of 
braided rivers. Lower Triassic, 
Wiory Formation, Wiory site, Floly 
Cross Mountains, (a) General view 
of a surface having a large dens- 
ity of labyrinthodontid trackways, 
including both Isochirotherium and 
Rhynsochauwides. Scale bar is 10 cm. 
(b) Surface with Isochirotherium (large 
tracks) and Rhynsochauroides (small 
tracks). Tail marks are associated with 
Isochirotherium tracks. Scale bar is 10 
cm. (c) Close-up of Isochirotherium 
trackway. Scale bar is 5 cm. (d) Skin 
textures preserved in Isochirotherium 
track. Scale bar is 5 cm. See Fuglewicz 
eta/. (1990). 



be totally bioturbated (e.g. Buatois et al., 2007a). Ichnofossils 
are associated with physical structures that indicate periodic 
subaerial exposure (e.g. desiccation cracks, raindrop imprints) 
(Fig. 10.5a). Root trace fossils occur locally (Fig. 10.5c). 
Depths of bioturbation up to 2.2 m have been measured for 
Taenidium harretti from colonization surfaces at the top of 
crevasse-splay sandstones (Buatois et al., 2007a). Deep bio- 
turbation may reveal avoidance of stressful conditions caused 
by extreme desiccation. Morrissey and Braddy (2004) sug- 
gested that the Beaconites producer, most likely a myriapod, 
burrowed to the water table in search of moisture during the 
dry season. In terms of archetypal ichnofacies, desiccated- 
overbank suites illustrate the Scoyenia ichnofacies (Buatois 



and Mangano, 2002, 2004a, 2007). With respect to vertebrate 
ichnofacies, these fluvial deposits contain examples of the so- 
called Amphisauropus sub-ichnocoenosis of the Batrachichnus 
ichnofacies from the Devonian to the Middle Triassic (Hunt 
and Lucas, 2006a, 2007). 

Trace-fossil morphology and burrow-wall characteristics 
suggest common emplacement in firm substrates (Fig. 10.3). 
For example, striated walls in Scoyenia (Fig. 10.5a- b) and 
Spongeliomorpha, sharp scratch marks in Tamhia, Cruziana, 
and Rusophycus and well-defined appendage imprints in arthro- 
pod trackways all indicate a cohesive substrate that has experi- 
enced desiccation due to subaerial exposure. This “desiccation 
suite” commonly cross-cuts an earlier, “pre-desiccation suite”. 
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Figure 10.7 The small dicyno- 
dont Diictodon and its ichnological 
record. Upper Permian, Teekloof 
Formation, Beaufort Group, south- 
western Karoo basin. South Africa, 
(a) Trackways formed along the 
shoreline of a floodplain water body. 
Scale bar is 3 cm. (b) Sand-filled 
helicoidal burrows containing at the 
base a terminal chamber. Scale bar 
is 10 cm. (c) Articulated skeletons 
found within the terminal chambers 
and spirals of burrows. Scale bar is 
10 cm. Specimens exhibited at the 
South African Museum, in Cape 
Town. See Smith (1987). 




Figure 10.8 Two suites of the 
Scoyenia ichnofacies in desiccated 
overbank deposits. Lower Permian, 
La Colina Formation, Los Colorados 
de Patquia, western Argentina, (a) 
Beaconites harretti. Meniscate back- 
filled trace fossils lacking striated 
walls, suggesting emplacement in a 
softground. (b) Firmground menis- 
cate striated trace fossils cross-cut- 
ting the softground suite. See Buatois 
et al. (1996a). Scale bars are 1 cm. 



which is typically characterized by meniscate, backfilled struc- 
tures without ornamentation (e.g. Taenidium and Beaconites) 
developed in soft substrates (Buatois et al, 1996a; Savrda et al, 
2000; Buatois and Mangano, 2002, 2004a) (Fig. 10.8a-b). Both 
suites belong to the Scoyenia ichnofacies, which in desiccated- 
overbank deposits may form palimpsest surfaces or composite 
ichnofabrics that record taphonomic pathways showing pro- 
gressive desiccation of floodplain sediments (see Section 6.2). 
Desiccated-overbank ichnofaunas are common in distal zones 
(comprising occasionally to infrequently flooded areas) and/or 
arid to semiarid settings. 

Overfilled-overbank deposits contain simple grazing trails 
(Helminthopsis, Helminthoidichnites), locomotion trails 
(Cochlichnus), horizontal dwelling burrows (Palaeophycus), 
dwelling burrow systems (Ctenopholeus), and bivalve resting 
(Lockeia) and equilibrium (Ca/ceo/orm/tej) traces (e.g. Turner, 
1978; Fordyce, 1980; Miller, 1986; Pollard and Flardy, 1991; 
Gluszek, 1995; Buatois et al, 1997a; Buatois and Mangano, 
2002; Keighley and Pickerill, 2003; Uchman et al, 2004b; 



Pienkowski and Niedzwiedzki, 2009) (Fig. 10.9a-c). Fish trails 
(Undichna) may be preserved in floodplain bodies of water 
(e.g. Morrissey et al, 2004; Wisshak et al, 2004). Arthropod 
and tetrapod trackways, meniscate trace fossils, and bilobate 
structures with scratch marks are typically absent; where pre- 
sent, they are subordinate elements (Buatois and Mangano, 
2002, 2004a, 2007). Ichnodiversity is low to rarely moderate. 
With rare exceptions (e.g. Ctenopholeus), most of the ichno- 
fossils are oriented parallel to the bedding plane, and reflect 
very shallow-tier emplacement, so intensity of bioturbation 
is low. Physical structures indicating subaerial exposure are 
absent, reflecting overbank vertical accretion rather than des- 
iccation of the water body. Root trace fossils may be common 
in associated waterlogged paleosols (Fig. lO.lOa-d). 

In these settings, morphological details of the trace fos- 
sils are commonly very poorly preserved, suggesting that they 
were formed in a water-saturated substrate (e.g. Buatois et al, 
1997a). Overall features of these overbank ichnofaunas indicate 
subaqueous emplacement (Fig. 10.3). Poorly preserved trace 
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Figure 10.9 Bivalve trace fossils in crevasse-splay deposits of meander- 
ing rivers. Lower Jurassic, Zagaje Formation, Soltykow Nature Reserve, 
Holy Cross Mountains, Poland, (a) General view of a sandstone base 
showing high density of the equilibrium structure Calceoformites 
uchmani. Scale bar is 3 cm. (b) Close-up of Calceoformites uchmani. 
Note spreite in the specimen on the right revealing re-positioning of 
the bivalve in response to sedimentation. Scale bar is 2 cm. (c) The 
dwelling/resting trace Lockeia. Scale bar is 2 cm. See Piehkowski and 
Niedzwiedzki (2009). 

fossils may be cross-cut by better-defined softground ichnofos- 
sils reflecting improving taphonomic conditions due to increas- 
ing consolidation of the substrate. In any case, burrow walls 
are unornamented indicating that substrates never attained 
firmground stage. These ichnofaunas lack most of the diag- 
nostic features of the Scoyenia ichnofacies and are regarded as 
examples of the impoverished Mermia ichnofacies (Buatois and 
Mangano, 2002, 2004a, 2007). The lower ichnodiversity of the 



Mermia ichnofacies in these overbank deposits in comparison 
with their equivalents from lakes results from the temporary 
nature of floodplain bodies of water and their less-stable con- 
ditions. Overfilled-overbank ichnofaunas are dominant in the 
proximal-overbank settings of meandering systems (comprising 
perennially to frequently inundated wetlands) and/or temperate 
and humid settings (Buatois and Mangano, 2004a, 2007). 

10.3 LAKES 



Modern lake systems contain a wide variety of benthic organ- 
isms that produce biogenic structures, including annelids (e.g. 
oligochaetes, leeches), aquatic to semiaquatic insects (e.g. 
dipterans and coleopterans), crustaceans (e.g. ostracodes), 
and mollusks (e.g. bivalves, gastropods) (Cohen, 2003; White 
and Miller, 2008). Some vertebrates, mostly fish, amphib- 
ians, and aquatic reptiles, although nektonic, may occasion- 
ally interact with the substrate to produce biogenic structures. 
Biogenic structures emplaced in lacustrine sediments have the 
highest preservation potential of all continental ichnofossils. 
Unsurprisingly, recent compilations demonstrated that there is 
a large volume of literature documenting examples of lacus- 
trine ichnofaunas (Buatois and Mangano, 2007; Minter et al., 
2007b). Cohen (2003) listed a number of abiotic and biotic fac- 
tors that control animal distribution in lakes. Abiotic factors 
include energy, light, oxygen, temperature, salinity, substrate, 
and nutrients, while biotic factors, such as competition, graz- 
ing, predation, and symbiosis, have complex feedback loops 
and are difficult to interpret (see also Miller and White, 2007). 

Species diversity results from a complex interplay of these 
different factors. Overall, larger lakes contain more species than 
small ones, because they are more persistent, encompass a great 
variety of habitats, and are located closer to centers of species 
origin (Cohen, 2003). As a general trend, ichnofaunas from 
large lakes are typically more diverse than those in small lakes 
or fluvial ponds (Buatois and Mangano, 2007). The density 
and diversity of benthic fauna usually reach a maximum in the 
oxygenated sublittoral zone (the concentration zone of Mackie, 
2001). In most lakes, this zone occurs between 2 and 4 m deep, 
but it may as deep as 18 m in large oligotrophic lakes (Mackie, 
2001, Martin et al, 2005; White and Miller, 2008). 

Taphonomic factors also play a major role in controlling 
ichnodiversity. The highest preservation potential of biogenic 
structures is in low-energy areas of lacustrine systems. Low- 
energy conditions may occur both in the deep zones of the 
lake, and in shoreline areas in systems that are weakly affected 
by wave action. In deep-lake environments, alternation of 
very fine-grained sandstone and mudstone deposited from 
underflow or turbidity currents promotes the preservation of 
delicate and tiny surface trails, as well as very shallow trace 
fossils (Buatois and Mangano, 1995c, 1998, 2007). In low-en- 
ergy shoreline areas, preservation of biogenic structures com- 
monly results from rapid influx of sand via non-erosive sheet 
floods (e.g. Zhang et al., 1998; Minter et al., 2007b). Although 
monospecific trace-fossil assemblages are present, moderately 
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Figure 10.10 Plant trace fossils from 
floodplain deposits of meandering 
rivers. Lower Triassic, Newport 
Formation, St. Michaels Cave, 
Sydney Basin, eastern Australia, 
(a) General view of intensely rooted 
deposits. Scale bar is 50 cm. (b) 
Close-up showing dominance of 
vertically oriented root trace fos- 
sils. Lens cap is 5.5 cm. (c) and (d) 
Close-ups of root trace fossils. Note 
that the root trace fossils are filled 
with sand, and no carbonaceous 
wall or infill is present. 



Box 10.2 Ichnology Oligocene fluvial-fan-lacustrine systems of Spain 

The Ebro Basin of northeastern Spain was characterized by fluvial fans attached to the basin margins grading towards 
the central-basin areas into hydrologically closed, shallow lakes. Trace fossils have been recorded in one such complex, 
the Oligocene Solsona-Sanaiija Fluvial Fan and the Noguera Lacustrine System. Bioturbation is absent in the lacustrine 
deposits, most likely as a reflection of the closed hydrology that may have caused hypersalinity. Fluvial-fan terminal- 
lobe deposits formed in low wetland areas around the lake contain a moderately diverse trace-fossil assemblage domi- 
nated by Taenidium barretti, Cochlichnus anguineus, and the bird footprint Gruipeda isp. Medial fluvial-fan areas include 
crevasse-splay deposits, which contain most of the ichnotaxa present in the terminal lobes, except for the bird tracks, 
plus abundant vertical burrows {Taenidium barretti and ornamented burrows). The presence of deep-tier traces in this 
assemblage was linked to the greater relief and lower mean groundwater position in the more proximal fan with respect to 
the lowland areas. Fluvial-channel deposits only contain irregularly clustered tunnels of unknown affinity formed after 
abandonment of the channel. The distribution of trace-fossil assemblages was essentially controlled by the position and 
fluctuations of water tables, which also promoted their composite nature. 

Reference: Gibert and Saez (2009). 



diverse ichnofaunas are common in lacustrine deposits. Gore 
(1989) subdivided lacustrine systems into hydrologically open 
and hydrologically closed. Buatois and Mangano (1998, 
2004a, 2007) used this scheme to frame ichnological observa- 
tions and, accordingly, this classification is used here. 

10.3.1 CLOSED LAKES 

Hydrologically closed lakes lack an outlet, and are character- 
ized by high salinity and rapidly fluctuating shorelines (Gore, 
1989). As a result, they represent extremely stressful ecosystems, 
in which faunal diversity is very low. Trace fossils formed under 
permanent subaqueous conditions are scarce or absent because 
of hypersalinity (e.g. Price and McCann, 1990; Uchman and 
Alvaro, 2000). However, moderately diverse ichnofaunas, 
both produced by invertebrates and vertebrates, may occur at 
the lake margins, in subaerially exposed littoral to mud-flat 
environments, recording the activity of terrestrial rather than 
aquatic faunas (e.g. Zhang et al., 1998; Minter et al, 2007b; 



Scott et al., 2007b; Gibert and Saez, 2009) (Boxes 10.2 and 
10.3) (Fig. 10.11). Species diversity increase is most evident at 
the lake margins due to rising lake levels and the associated 
decrease in salinity, while low diversity levels are maintained in 
the central part of the lake due to continuous accumulation of 
saline groundwater and chemical stratification (Cohen, 2003). 
Ichnofaunas from hydrologically closed lakes mostly consist 
of plant traces, arthropod trackways (Diplichnites, Umfolozia, 
Lithographus), meniscate trace fossils (Scoyenia, Taenidium), 
bilobate structures {Cruziana, Rusophycus), chironomid, cole- 
opteran, and annelid dwelling and feeding traces (Fuersichnus, 
Labyrintichnus, and Beaconites filiformis), and vertebrate 
traces (e.g. Bromley and Asgaard, 1979; Gierlowski-Kordesch, 
1991; Dam and Stemmerik, 1994; Kozur and Lemone, 1995; 
Rodriguez-Aranda and Calvo, 1998; Zhang et al., 1998; 
Clemmensen et al., 1998; Uchman and Alvaro, 2000; Schlirf 
et al., 2001; Fucas et ah, 2002; Melchor and Sarjeant, 2004; 
Minter et al., 2007b; Scott et al., 2007b). Chironomid (Diptera) 
larvae are highly tolerant to saline conditions, and are regarded 
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Box 10.3 Ichnology of Triassic lacustrine deposits of western Argentina 

Spectacular outcrops of the continental Middle to Upper Triassic Agua de la Pena Group of the Ischigualasto-Villa Union Basin 
of western Argentina allow careful analysis of traee-fossil distribution in lacustrine systems of contrasting characteristics. The 
Chanares Formation and the lowermost part of the Ischichuca Formation represent deposition in mildly saline to playa lakes 
surrounded by mud flats. Tetrapod trackways occur in the mud-flat deposits associated with desiccation cracks. These units reveal 
the stressful conditions dominant in hydrologically closed lakes, but also highlight the potential for trackway preservation in lake- 
margin areas. However, most of the Ischichuca Formation represents deposition in alternating shallow- and deep-water condi- 
tions, fluctuating from hydrologically open to closed. Lacustrine strata are stacked forming coarsening-upward parasequenees 
due to progradation of wave- and river-dominated deltas. Offshore underflow current deposits do not contain trace fossils, most 
likely as a result of anoxia in the hypolimnion of freshwater stratifled lakes. However, delta-plain ehannel deposits contain escape 
trace fossils, reeording rapid sedimentation in a river-dominated context. Lower delta-plain deposits contain a moderately diverse 
ichnofauna dominated by locomotion trace fossils {Cruziana problematica, Undichna hritannica, Diplichnites isp., Stiaria isp.), 
together with resting {Rusophycus stromnessi) and grazing (Cochlichnus anguineus) trace fossils. The pattern of trace-fossil distri- 
bution in the succession reveals the complex interplay of environmental conditions in lakes of fluctuating hydrological regime. 
The most diverse ichnological reeord is present in the Los Rastros Formation, with coarsening-upward parasequenees as a result 
of deltaic progradation. Upper delta-plain deposits contain simple dwelling trace fossils (e.g. Palaeophycus striatus) and vertebrate 
trackways (Rhynchosauwides isp.). Upper delta-front to lower delta-plain deposits are sparsely bioturbated and only contain a 
few ichnotaxa, mostly dwelling trace fossils {Palaeophycus tuhularis, Skolithos isp.), although Cochlichnus anguineus is also pre- 
sent. Some of the delta-front trace fossils are present in hummocky cross-stratifled sandstone, recording opportunistic coloniza- 
tion after storm events. Middle delta-front deposits display a relatively diverse association dominated by simple grazing trails 
(Helminthoidichnites tenuis, Helminthopsis abeli, Gordia indianaensis, Archaeonassa fossulata, Cochlichnus anguineus), with fish 
locomotion trails (Undichna britannica) and simple facies-crossing dwelling trace fossils (Palaeophycus tubularis) as subordinate 
components. Underflow-current deposits of the distal delta front are the most diverse in terms of trace-fossil content, hosting a 
wide variety of simple grazing trails (Helminthoidichnites tenuis, Gordia marina, Archaeonassa fossulata, Cochlichnus anguineus) 
and flsh trails (Undichna britannica, U. bina, U. cf insolent ia), with subordinate occurrences of feeding structures (Treptichnus 
pollardi), horizontal dwelling structures (Palaeophycus tubularis), and arthropod trails (Cruziana problematica, Diplopodichnus 
biformis, Didymaulichnus lyelli), resting traces (Rusophycus stromnessi, Avolatichnium isp.) and trackways (Bifurculapes isp., 
Diplichnites isp., Protichnites isp.). The Los Rastros Formation is an excellent example illustrating patterns of trace-fossil distri- 
bution in a hydrologically open lake affected by wave-dominated deltaic progradation. 

References: Melchor (2001, 2004, 2007); Melchor et al. (2003). 
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Figurel0.il Schematic reconstruction 
of trace-fossil distribution in hydro- 
logically closed lakes. Composition of 
vertebrate ichnofaunas is highly vari- 
able according to geological age. This 
type of lake typically displays sparse 
bioturbation, particularly in subaque- 
ous settings. Lake-margin deposits tend 
to have the highest diversity and dens- 
ity of trace fossils, including the stri- 
ated burrow system Spongeliomorpha 
(Sp), the striated meniscate trace 
fossil Scoyenia (Sc), arthropod track- 
ways, such as Umfolozia (Um) and 
Diplichnites (Di), and a wide variety of 
vertebrate trackways, such as Grallator 
(Gr) in Mesozoic examples. The 
salinity-tolerant ichno taxon Beaconites 
filiformis (Be) may be present in 
shallow-lake areas, while lake-center 
deposits are commonly unburrowed 
or may show local bioturbation in gyp- 
sum deposits. Desiccation cracks, and 
vertebrate and invertebrate trace fossils 
not to scale. 
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as the producer of Beaconites filiformis in saline lacustrine 
deposits (Uchman and Alvaro, 2000). However, large meniscate 
trace fossils filled with gypsum and micrite may occur in rela- 
tively high densities in some saline lake deposits (Rodriguez- 
Aranda and Calvo, 1998; Orti et al., 2003). 

Basal amniote trace fossils, particularly sauropsid trackways 
(Erpetopus, Dromopus, Varanopus, Hyloidichnus) and, to a 
lesser extent, “amphibian” trackways (Amphisauropus) may be 
particularly common in late Paleozoie ephemeral lake deposits 
(Haubold and Lucas, 2003; Melchor and Sarjeant, 2004; Minter 
et al, 2007b) (Fig. 10.11). Mesozoic vertebrate tracksites are 
typically dominated by dinosaur trackways, which have high 
preservation potential around ephemeral- and playa-lake envi- 
ronments (Lockley and Hunt, 1995). The theropod ichnogenera 
Eubrontes, Anchisauripus, Grallator are typical components (e.g. 
Lockley and Hunt, 1995; Getty, 2005). Cenozoic lake margins of 
closed lakes may contain abundant bird and mammal tracks (e.g. 
Scrivner and Bottjer, 1986; Cohen et al, 1991, 1993; Lockley and 
Hunt, 1995; Lockley and Meyer, 2000; Lucas et al, 2002). 

Associated physical structures (e.g. desiccation cracks, rain- 
drop imprints) indicate subaerial exposure. Under appropriate 
taphonomic conditions, omission surfaces totally covered by 
trackways may be preserved (Zhang et al, 1998) (Fig. 10. 12a-b). 
Due to the progressive desiccation of the substrate, better-de- 
fined trackways emplaced in compacted sediment commonly 
cross-cut those with less-defined imprints that were formed in 
less-firm substrates (Uchman and Alvaro, 2000; Buatois and 
Mangano, 2004a, 2007; Scott et al, 2009). 

The distribution and preservation of biogenic structures 
in saline lakes is controlled by a series of factors, some of 
which are related to the evolved fluid compositions result- 
ing from evaporation (Cohen et al, 1991; Scott et al, 2010), 
and in many saline lakes, by the presence of thermal springs 
(Scott et al, 2007a, b). Relatively fresh areas of lake margins, 
such as springs and ephemeral streams, favor the concentra- 
tion of many species of insects, mammals, birds, and reptiles 
that may contribute to the ichnological record. In addition, 
local development of microbial mats, associated with hyper- 
saline conditions and/or hot springs, may favor burrowing by 
certain insects (e.g. staphylinid, heterocerid beetles). In turn, 
matgrounds help to stabilize the substrate or contribute to its 
early cementation, increasing the preservation potential of 
biogenic structures produced by both vertebrates and inver- 
tebrates (Scott et al, 2007b). Lake-margin trace-fossil assem- 
blages of closed lakes are typical examples of the Scoyenia 
ichnofacies. No examples of the Mermia ichnofacies have been 
documented in closed-lake deposits. In terms of vertebrate 
ichnofacies, lake-margin trackway suites commonly belong to 
the Grallator ichnofacies from the Late Triassic to the Recent 
(Hunt and Lucas, 2007). 

10.3.2 OPEN LAKES 

Hydrologically open lakes have an outlet, and are character- 
ized by low salinity and relatively stable shorelines (Gore, 1989). 




Figure 10.12 Trackway overlap in marginal deposits of playa lakes. 
Lower Permian, Patquia Formation, Bordo Atravesado, western 
Argentina. See Zhang et al. (1998). (a) General view of a sandstone 
top exhibiting high density of arthropod trackways. Coin is 1 .6 cm. (b) 
Close-up of the tracked surface. Scale bar is 1 cm. 

Accordingly, they represent less stressful ecosystems than closed 
lakes. Open lakes contain more varied ichnofaunas, and a dis- 
tinction can be made between those established along the lake 
margin and those formed subaqueously further into the lake 
(Buatois and Mangano, 2004a, 2007) (Fig. 10.13; Box 10.3). 

Lake-margin ichnofaunas of hydrologically open lakes can be 
in turn subdivided into two main environmental settings: those 
of protected, low-energy sites under weak wave action and those 
in comparatively higher-energy environments either due to 
wave action or influence of distributary channels. Low-energy 
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Figurel0.13 Schematicreconstruction 
of trace-fossil distribution in hydro- 
logically open lakes. Composition 
of vertebrate ichnofaunas is highly 
variable according to geological age. 
This type of lake typically contains 
more diverse ichnofaunas. Protected 
lake-margin deposits are character- 
ized by meniscate trace fossils, namely 
Beaconites (Be) and Taenidium (To), 
bdobate trace fossils, such as Cruziana 
(Cr) and Rusophycus (Ru), arthropod 
trackways, such as Diplichnites (Di), 
and the sinusoidal trail Cochlichnus 
(Co). Vertebrate trackways are abun- 
dant and diverse in the subaerial 
portion of the lake margin. In par- 
ticular, shorebird tracks are common, 
including the ichnogenus Ignotornis 
(Ig) in Mesozoic strata. Vertical bur- 
rows, including Skolithos (Sk) and 
Arenicolites (Ar), tend to dominate in 
high-energy shoreline areas, such as 
mouth bars. Shallow- and deep-lake 
areas are very similar in taxonomic 
composition. Both are dominated by 
grazing trails, such as Gordia {Go), 
Cochlichnus (Co), Helminthopsis (He), 
and Helminthoidichnites (HI). The 
simple burrow system Treptichnus 
(Tr) is also common. The grazing 
trail Mermia (Me) and the fish trail 
Undichna (Un) are more common in 
deep-lake deposits. Vagorichnus (Va) 
may occur in deep-lake turbidites. 
Vertebrate and invertebrate trace fos- 
sils not to scale. 



conditions tend to predominate in sheltered shorelines or in 
small lakes. Ichnofaunas from low-energy lake margins con- 
sist of meniscate trace fossils (Scoyenia, Taenidium), arthropod 
trackways (e.g. Diplichnites, Kouphichnium), simple horizontal 
burrows (Palaeophycus), bivalve resting structures (Lockeia), 
and bilobate trails (Cruziana, Rusophycus) (e.g. Daley, 1968; 
Pollard et al, 1982; Smith et a!., 1982; Pollard and Walker, 1984; 
Walker, 1985; Cook and Bann, 2000; Hester and Lucas, 2001; 
Kim et al., 2005; Lucas and Lerner, 2006; Lucas et al., 2006b). 
Associations dominated by Lockeia seem to be common in car- 
bonate lake shorelines (Lucas et al, 2010a). 

Vertebrate trackways are also extremely common in low- 
energy marginal-lake deposits, including traces produced by 
amphibians, reptiles, dinosaurs, mammals, and birds (e.g. 
Olsen eta/., 1978; Alonso, 1985; Lockley eta/., 1986; Lim eta/., 
1989; Prince and Lockley, 1989; Abbassi and Lockley, 2004; 
Kim et al, 2006; Lockley et al, 2006). Shorebird tracks are 
particularly common in lake-margin deposits, with Ignotornis, 
Jindongornipes, Koreanaornis, and Aquatilavipes the most com- 
monly ichnogenera preserved (Fig. 10.13). In fact, dinosaur 
and bird tracks have been used to recognize paleoshorelines 
in lacustrine successions; tracked horizons typically occur at 



the top of shallowing-upward successions (e.g. Olsen et al, 
1978; Alonso, 1985; Lockley et al, 1986; Prince and Lockley, 
1989). Multiple horizons with dinosaur tracks allowed delin- 
eation of eyeles of expansion and contraction of the water 
body (Lockley, 1986, 1989). Fossil human footprints have also 
been documented in lake-margin deposits (Zavala et al, 1992; 
Bayon and Politis, 1996). Other vertebrate trace fossils include 
lungfish burrows, which may have served as aestivation cham- 
bers and breeding tunnels (e.g. Gobetz et al, 2006). 

Even freshwater, open lakes can experience periods of rela- 
tively low lake levels, with exposure of littoral deposits and 
desiccation of lake-margin areas. Accordingly, trace fossils are 
commonly associated with physical structures that indicate 
subaerial exposure. These ichnofaunas are examples of the 
Scoyenia ichnofacies, which occurs in low-energy, lake-margin 
areas, and records adaptations of a benthos to either very 
slightly submerged sediments that are periodically desiccated 
or to waterside subaerial substrates that are periodically sub- 
merged (Frey and Pemberton, 1987). Because of desiccation of 
lake-margin deposits, firmground ichnofaunas dominated by 
striated meniscate trace fossils (Scoyenia) and burrow galleries 
(Spongeliomorpha) may be present (e.g. Metz, 1993). Bioerosion 
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Figure 10.14 Vertebrate trace fos- 
sils in lacustrine deposits. Upper 
Carboniferous, Radnice Member, 
Kladno Formation, Bohemia, 
Czech Republic. See Turek (1989). 
(a) The fish trail Undichna britan- 
nica. (b) The amphibian trackway 
Gracilichnium (?) chlupaci. Scale 
bars are 1 cm. 



in stromatolites has been recorded also, but it is relatively rare 
(Ekdale et al., 1989). Vertebrate ichnofacies in these low-energy 
shorelines typically represent the Grallator ichnofacies from the 
Late Triassic to the Recent (Hunt and Lucas, 2007). 

Moderate- to high-energy conditions are more common 
in large lakes affected by strong waves or near the mouth 
of distributary channels. These zones are characterized hy 
strong turbulence and a mobile substrate, complicating col- 
onization by the macrobenthos (Cohen, 2003). The ichno- 
fauna of these lakes is dominated by simple vertical burrows 
(Skolithos), U-shaped vertical burrows (Arenicolites), and 
escape structures (e.g. Mangano et al., 1994; Melchor et ah, 
2003; Buatois and Mangano, 1998, 2004a, 2007) (Fig. 

10.13) . These trace-fossil assemblages show affinities with 
the Skolithos ichnofacies (Buatois and Mangano, 1998, 
2004a; Melchor et al., 2003) (see Section 10.2.1). Overall, 
ichnofaunas dominated by vertical burrows are less eommon 
than the typieal lake-margin Scoyenia assemblages. 

The subaqueous zones of hydrologically open lakes are 
characterized by low energy and relative environmental stabil- 
ity. The most important controls on trace-fossil distribution in 
these areas are oxygen content, energy, food supply, and sub- 
strate (Buatois and Mangano, 2007). Oxygenation is a first-or- 
der limiting factor because in lakes with thermal stratification, 
the hypolimnion becomes anoxic/dysoxic and bioturbation is 
commonly suppressed. Turbidity and underflow currents may 
provide oxygen to lake bottoms, favoring the establishment of 
benthic faunas. In addition, episodic or sustained flows help 
to increase food supply hy transporting organic detritus from 
adjacent alluvial plains and lacustrine-shoreline areas. On the 
other hand, in areas strongly affected by high-energy sediment 
gravity flows, bioturbation may be inhibited. The degree of con- 
solidation of the substrate also plays a role because trace-fossil 
preservation is precluded in soupy substrates. 

Feeding (Treptichnus, Vagorichnus, and Tuberculichnus) 
and grazing traces (e.g. Mermia, Gordia, Helminthopsis, and 
Helminthoidichnites) of detritus and deposit feeders are com- 
monly dominant in subaqueous zones of open lakes (Fig. 

10.13) , most commonly in siliciclastic (e.g. Walter, 1985; 
Pickerill, 1992; Buatois and Mangano, 1993a; Miller et al., 
1991; Buatois et al., 1996b; Walter and Suhr, 1998; Melchor 
et al., 2003; Melchor, 2004), but also in carbonate deposits (e.g. 
Buatois et al., 2000; Gibert et al., 2000). Although arthropod 
trackways may occur, they are comparatively rare. Vertebrate 



trace fossils are represented by the fish trail Undichna and the 
amphibian trackways Lunichnium and Gracilichnium (Higgs, 
1988; Turek, 1989; Gibert et al., 1999; Trewin, 2000; Minter 
and Braddy, 2006b) (Figs. 10.13 and 10.14a-b). 

Pleistocene varves seem to contain a very distinctive ichno- 
fauna (e.g. Gibbard and Stuart, 1974; Gibbard, 1977; Gibbard 
and Dreimanis, 1978; Walter and Suhr, 1998; Gaigalas and 
Uchman, 2004; Uchman et al., 2009; Benner et ah, 2009; Knecht 
et al., 2009). Glacial varves contain not only simple grazing 
trails (e.g. Gordia, Cochlichnus, and Helminthoidichnites) and 
fish traces (e.g. Undichna, Pisichnus, and Broomichnium), but 
also arthropod trackways (e.g. Glacichnium and Warvichniuni). 

Ichnological evidence is useful to distinguish between depos- 
its from sustained density underflows and episodic turbidity 
currents (Buatois and Mangano, 1998, 2004). Both processes 
commonly operate in open lakes and are difficult to differentiate 
based on physical sedimentary structures alone. As discussed by 
Pharo and Carmack (1979), turbidites are deposited by episodic 
currents that involve redeposition of sediment initially emplaced 
under unstable conditions, while underflow currents are rela- 
tively continuous and represent the uninterrupted transport of 
river-borne sediment into the lake. Turbidites commonly dis- 
play ichnofossils at the top of layers or, more rarely, at the base 
of layers. In both cases, the trace-fossil suite records coloniza- 
tion of opportunistic organisms after episodic emplacement of 
the event bed (Buatois and Mangano, 1998) (Fig. 10.15). Where 
preserved at the base, a post-depositional origin is indicated by 
the presence of trace fossils cross-cutting inorganic sole marks 
(e.g. Buatois et al., 1996b). Almost invariably pre-depositional 
suites are more diverse than post-depositional suites. Underflow- 
current deposits contain distinctive suites of ichnofossils in each 
lamina or lamina set (e.g. Buatois and Mangano, 1993a; 1998; 
Melchor et al., 2003), reflecting that they were produced con- 
temporaneously with sedimentation, rather than after a major 
break in deposition as is typical of turbidites (Fig. 10.16). 

Trace fossils also help to distinguish between marine and 
lacustrine turbidites, which are identical in terms of physical 
sedimentary structures (Buatois and Mangano, 1998, 2004a). 
Deep-marine turbidites display diverse ichnofaunas dominated 
by ornate grazing trace fossils and graphoglyptids that reflect 
highly specialized feeding strategies recorded by the Nereites 
ichnofacies (see Section 4.3.5). In contrast, lacustrine turbidites 
are characterized by non-specialized grazing and feeding trace 
fossils (Buatois and Mangano 1998, 2004a) (Fig. 10. 17a-e). These 
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Figure 10.15 Ichnology of lacus- 
trine turbidites. Ichnofossils typ- 
ically occur at the top of turbidite 
layers (e.g. simple grazing trails) 
or, more rarely, at the base of lay- 
ers (e.g. Vagorichnus), recording 
opportunistic colonization after 
episodic emplacement of the event 
bed. Modified from Buatois and 
Mangano (1998). 
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Figure 10.16 Ichnology of under- 
flow-current deposits. These depos- 
its may contain distinctive suites 
of ichnofossils in each lamina or 
lamina-set, recording animal activ- 
ity contemporaneous with sedimen- 
tation. Modified from Buatois and 
Mangano (1998). 



non-specialized feeding patterns are illustrated by the ichnogenus 
Mermia, which shows looping and a high level of self-overcross- 
ing, revealing the repeated passage of the tracemaker across the 
same portion of sediment. Other examples of unsophisticated 
feeding strategies are the simple grazing trails Helminthopsis and 
Helminthoidichnites. Such non-specialized feeding strategies most 
likely reflect the abundance and accessibility of food in lacustrine 
systems (Buatois and Mangano, 2004a). The comparatively lower 
ichnodiversity of lakes in comparison with deep-marine environ- 
ments results from the more ephemeral nature of the continental 
bodies of water (Buatois and Mangano, 1998). 

Although oxygen-depleted lacustrine sediments are com- 
monly unbioturbated, some organisms have developed adapta- 
tions to deal with dysaerobic to anoxic settings (Cohen, 2003). 
In modern lakes, chironomid larvae construct oxygen-mining 
burrows similar to Polykladichnus and Thalassinoides to exploit 
food in suboxic and anoxic sediment (Gingras et al., 2007). 
Similar structures have been rarely documented in the fossil 
record (e.g. Smith et al., 1982). 

Permanent subaqueous lacustrine zones of hydrologic- 
ally open lakes are characterized by the Mermia ichnofacies, 
which extends from shallow to deep areas of the lake (Buatois 
and Mangano, 1995a, 1998). No archetypal trace-fossil 



associations can be defined at present to distinguish between 
shallow-and deep-lacustrine subenvironments. Virtually all 
of the same assemblages that occur in shallow areas of some 
lakes (e.g. Pickerill, 1992) occur in the deep areas of others 
(e.g. Buatois and Mangano, 1993a; Buatois et al, 1996b). 
Both examples belong to the same archetypal ichnofacies, 
the Mermia ichnofacies. These variations in ichnofossil con- 
tent from one lake to the other probably reflect the wide vari- 
ability of lacustrine basins. Although there are no recurrent 
ichnofacies that distinguish shallow-versus deep-lacustrine 
subenvironments, zonations can be made at the scale of indi- 
vidual lacustrine basins (e.g. Metz, 1996; Walter and Suhr, 
1998; Melchor et ah, 2003; Melchor, 2004) (Box 10.3). In gen- 
eral, traces of deposit and detritus feeders dominate in deeper 
areas of the lake, while suspension-feeder traces may occur in 
littoral zones, a pattern consistent with distribution of these 
trophic types in modern lakes (Cohen, 2003). 

10.4 DESERTS 



Deserts develop in areas where rainfall rarely exceeds evapor- 
ation and, as such, impart significant stress on their biotas. In 
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Figure 10.17 Trace fossils preserved 
at the base of lacustrine turbidites. 
Lower Jurassic, Anyao Formation, 
Jiyuan-Yima Basin, central China, 
(a) Vagorichnus anyao cross-cut- 
ting sole mark, (b) Tuherculichnus 
vagans. (c) Paracanthorhaphe tog- 
wunia. (d) Cochlichmis anguineus. (e) 
Helminthopsis aheli. Scale bars are 1 
cm. See Buatois et a!. (1996b). 



particular, the interaction between rainfall and nutrient avail- 
ability is essential in controlling desert dynamics and ecology 
(Whitford, 2002). Episodic events, such as flash floods and wind 
storms, also have a huge impact in desert ecosystems. Animals 
inhabiting deserts have a series of adaptive physiological traits 
and behavioral mechanisms that allow them to maintain a sur- 
vivable thermal energy balance and water balance (Whitford, 
2002). In this regard, the role of benign microclimates within 
desert areas is of paramount importance. 

In contrast with other continental environments, the ichnol- 
ogy of eolian systems is less well understood. However, in recent 
years there has been a renewed interest in eolian trace fossils 
(e.g. Fornos et ah, 2002; Hunt and Lucas, 2007; Ekdale et ah, 
2007; Loope, 2008). Available information derives from both 
modern environments and some case studies from the fossil 
record. In modern eolian systems, a moderate diversity of bio- 
genic structures, mostly produced by arthropods (in particular 
arachnids and insects), has been documented (e.g. Ahlbrandt 
et al., 1978). More specifically, tracemakers in inland dunes 
and interdune areas include burrowing wasps, crickets, beetles, 
spiders, scorpions, millipedes, termites, and ants. In the case 
of coastal eolian dunes, dwelling burrows of the crab Ocypode 
quadrata, producer of Psilonichnus in the fossil record, are 
common (Frey et al., 1984a; Curran, 1992, 1994). 

Burrowing commonly represents an efficient strategy to 
escape from the harsh conditions at the surface. In hot deserts 
most arthropods live underground during the day and leave their 
burrows at night, while under warmer conditions some may be 
diurnal (Cloudsey-Thompson, 1991). However, some arthro- 
pods (e.g. millipedes, mites) lack morphological and physio- 
logical water-conservation adaptations, and are only able to 
live at the surface after rainfall events (Tevis and Newell, 1962; 
Whitford, 2002). Termites and ants live mainly in underground 



nests and galleries that may extend up to 2-3 m below the sur- 
face (Whitford, 2002). Burrows not only offer protection from 
high temperatures and desiccation, but they are also an integral 
part of the feeding strategies of passive predators, such as spi- 
ders, scorpions, and tiger beetle larvae, which prey on different 
insects and even small vertebrates, adopting a “sit and wait” 
strategy (Main, 1982; Pearson, 1988; Whitford, 2002). Many 
insects (e.g. crickets, most beetles) are detritus and deposit 
feeders that exploit sites of preferential accumulation of wind- 
blown detritus (Crawford, 1988). Overall, desert ichnofaunas 
reflect the activity of feeding generalists. 

In addition, a number of vertebrates, mostly mammals and 
reptiles, inhabit desert systems, and may produce biogenic struc- 
tures. The majority of small mammals (e.g. squirrels, kangaroo 
rats) live in their own burrows during the day, where they experi- 
ence more favorable microclimates. Intermediate-size mammals 
(e.g. rabbits, foxes) either construct their own burrows, or enlarge 
those constructed by other animals (Whitford, 2002). Reptiles 
also burrow into the sediment, although their efficient thermo- 
regulatory behavior allows them to experience less stress due 
to high temperatures (Whitford, 2002). Experiments with sand- 
swimming snakes (the Kenyan sand boa Eryx colubrinus) indicate 
that these organisms produce a wide variety of biogenic structures 
(Hembree and Hasiotis, 2007). Amphibians are rare, but they 
may occur in ephemeral water bodies, which serve as breeding 
sites (Whitford, 2002). They typically burrow into the sediment 
to absorb moisture from the soil and avoid the desiccating envir- 
onment of the surface. Although vegetation is typically sparse to 
non-existent, plant traces may occur around water bodies. 

Ahlbrandt et al. (1978) noted that the preservation poten- 
tial of most eolian biogenic structures is low. Wind erosion is 
pervasive and detrimental for preservation of plant or animal 
structures. Most of the traces seen in modern environments 



Ichnology of continental environments 



214 



occur in the erosional stoss side of dunes and, therefore, have 
very low preservational potential (Ekdale et al., 2007). The 
presence of temporarily wetted and cohesive substrates, rapid 
burial, emplacement in the depositional slip phase, lined bur- 
row walls, preferential cementation, and stabilization by bio- 
logical crusts are among the factors that promote preservation 
of biogenic structures. In particular, Seilacher (2008) empha- 
sized the importance of microbial participation (bioglues) in 
the preservation of delicate arthropod and vertebrate track- 
ways in eolian-dune deposits. Animal burrowing removes and 
disaggregates large volumes of sediment, contributing to its 
deflation by wind (Whitford and Kay, 1999; Whitford, 2002). 

Eolian ichnofaunas typically show low diversity in the fos- 
sil record, mainly because of their low preservation potential 
(Fig. 10.18). In general, trace-fossil diversity is directly linked 
to the position of the water table and the predominant climatic 
conditions. In hyper-arid climatic settings, the regional water 
table lies well below the accumulation surface in most areas of 
the desert (Mountney, 2004). Under these conditions, dry eolian 
systems, characterized by large and extensive dunes are formed. 
Associated dry interdunes are characterized by accelerating 
airflow and are subject to intense erosion. As a consequence, 
dunes grow and expand at the expense of the interdune flats 
(Mountney, 2006). Typically, dry eolian systems are sparsely 
vegetated at best, and contain few or no trace fossils due to the 
absence of near-surface moisture. However, trace-fossil suites 
may occur in grain-flow layers of the dune slip faces, reflecting 
preferential preservation in damp sand during rainy seasons 
(Sadler, 1993; Loope, 2006; Ekdale et al., 2007). 

Under arid climates, wet eolian systems tend to domin- 
ate (Mountney, 2004). In these systems the water table or its 
capillary fringe is in contact with the accumulation surface 
and, therefore, moisture influences sedimentation (Mountney, 
2006). The presence of damp sand restricts sediment availabil- 
ity for transport. Complex patterns of dunes and wet and damp 
interdunes are common. Vegetated zones may occur along 
interdunes corridors, leading to the local formation of rooted 
layers. Elevated water tables result in local concentrations of 
track, trails, and burrows in interdune settings. In addition, the 
preservation potential of biogenic structures is enhanced par- 
ticularly in wet interdunes. Large burrows probably formed by 
insectivorous vertebrates have been documented on the flanks 
of actively migrating, compound dunes, in moist sand that 
most likely formed due to seasonal rainfall (Loope, 2008). 

In semiarid climatic settings, large parts of deserts become 
stabilized (Mountney, 2004). In stabilized eolian systems, vege- 
tation and surface cementation play a major role in accumu- 
lation by restricting sediment availability (Mountney, 2006). 
Due to extended vegetation cover, root traces may be abun- 
dant and incipient paleosols may develop. Water tables are 
typically high, promoting the formation and preservation of 
invertebrate and vertebrate structures. Rooted and burrowed 
horizons commonly occur at several stratigraphic levels. These 
horizons reflect bypass supersurfaces that form where the 
water table remains static (Mountney, 2004). 



Interestingly, Paleozoic and post-Paleozoic eolian ichno- 
faunas are remarkably different (see Sections 4.5.4 and 
14.2.6). Trackways produced by scorpions (Octopodichnus, 
Paleohelcum) are particularly common in Paleozoic eolian- 
ites (e.g. Brady, 1947; Sadler, 1993; Hunt and Lucas, 2007). 
Although ichnodiversity may reach moderate levels particu- 
larly in post-Paleozoic eolian deposits, many ichnotaxa (e.g. 
Arenicolites, Palaeophycus, Skolithos) may have been produced 
by the same burrower (Ekdale et al., 2007). During the Permian, 
the fossil track record is dominated by different ichnospecies of 
Chelichnus (Fig. 10. 18), possibly produced by non-mammalian 
synapsids (McKeever and Haubold, 1996). Mesozoic eoli- 
anites contain carnivore dinosaur trackways (e.g. Grallator) 
rather than those produced by herbivore dinosaurs, suggest- 
ing that carnivorous dinosaurs fed on smaller carnivores, 
mammals and invertebrates (Leonardi, 1989; Lockley, 1991). 
In addition, some of these trackways are of small size, which 
may indicate dwarfism in response to the harsh conditions 
of deserts (Leonardi, 1989). In addition to trackways, verte- 
brate burrows attributed to tritylodontid cynodonts have been 
recorded in interdune deposits (Fig. 10.18), probably reflect- 
ing colonization during periods of high rainfall (Lucas et al., 
2006c). Preferential preservation of trackways has been noted 
in certain eolian settings, such as cliff-front coastal echo dunes 
(Fornos et al., 2002). The preservation potential of biogenic 
structures is enhanced in echo dunes because deflation erosion 
is reduced against the cliff Extensively trampled horizons may 
alternate with intervals preserving the primary sedimentary 
fabric. Associated biogenic structures include root traces at the 
margins of dune deposits and horizontal insect galleries similar 
to the ichnospecies Gracilichnus sinualis (Fornos et al., 2002). 

Eolian dune iehnofaunas are attributed to the recently intro- 
duced Octopodichnus-Entradichnus ichnofacies (Hunt and 
Lucas, 2007; Ekdale et ah, 2007). In terms of vertebrate ichno- 
facies, they belong to the Chelichnus ichnofacies (Hunt and 
Lucas, 2007). Vegetated dunes may contain the Coprinisphaera 
or the Celliforma ichnofacies in connection to incipient pale- 
osols, while the Scoyenia ichnofacies typically occur in wet 
and, less commonly, damp interdunes (Buatois and Mangano, 
1996; Genise et al., 2000). 

10.5 PALEOSOLS 



Paleosols represent an important element of alluvial succes- 
sions and its associated ichnofaunas have received significant 
attention during the last decade (e.g. Bown and Laza, 1990; 
Hasiotis et al., 1993b; Genise and Bown, 1994b; Smith et al., 
2008b; Genise et al., 2000, 2004b, 2010a) (Box 10.4). The nature 
of paleosol ichnofaunas is shaped by a number of factors, such 
as the intensity of soil processes, the position of the water table, 
climate, the duration of subaerial exposure, and the evolution 
of bioturbating insects (Genise et al., 2000, 2004b). Needless to 
say, most of these factors are not independent, but are closely 
interrelated. 
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Figure 10.18 Schematic reconstruction of trace-fossil distribution in deserts. Composition of vertebrate ichnofaunas is highly variable according 
to geological age. Dune areas display a low diversity and density of trace fossils, including scorpion trackways, such as Octopodichnus (Oc) and 
Paleohelcura (Ph), meniscate trace fossils, such as Entradichnus (En), simple vertical and horizontal burrows, such as Skolithos (Sk) and Palaeophycus 
(Pa), and various vertebrate trackways, including Chelichnus (Ch) in Permian examples. Dry-interdune deposits commonly contain a few trace fossils, 
such as Octopodichnus (Oc), Paleohelcura (Ph), Skolithos (Sk), and Palaeophycus (Pa) and tetrapod excavations (Ex). In Mesozoic assemblages dune 
and dry-interdune deposits may contain trackways produced by theropod dinosaurs (e.g. Grallator (Ga)) and synapsids (e.g. Brasilichnium (Br)). 
Wet-interdune deposits may contain slightly more diverse ichnofaunas, including the ichnogenera Taenidium (Ta), Scoyenia (Sc), Cruziana (Cr), 
Palaeophycus (Pa), Planolites (PI) and Arenicolites (Ar). Some areas may be vegetated with moderate soil development. Trace fossils in these soils may 
include Coprinisphaera (Co), Celliforma (Ce), tetrapod excavations (Ex), and root traces (Rt). Vertebrate and invertebrate trace fossils not to scale. 



Box 10.4 Ichnology of Lower-Middle Miocene paleosols of Patagonia, Argentina 

Mesozoic and Cenozoic paleosols preserved in Patagonia, southern Argentina, have become a natural laboratory from 
which some of the most comprehensive studies of terrestrial ichnology have resulted. These studies include the detailed 
characterization of a large number of ichnotaxa, careful analysis of their producers, and evaluation of the resulting ichno- 
fabrics. In particular, the Lower to Middle Pinturas Formation has been the subject of a number of studies. This pyroclastic 
unit contains abundant fossil mammals (including platyrrhine primates) and trace fossils of insects and rodents. Analysis of 
its insect trace fossils has provided valuable information to explain changes in paleoenvironmental conditions during depos- 
ition of this unit. Mature paleosols from the lower part of the Pinturas Formation contain the termite nest Syntermesichnus 
fontanae, which is locally associated with the scarabid beetle nest Coprinisphaera frenguellii. These paleosols were formed in 
a marginal habitat between forested areas and more open country. Associated primate body fossils also point towards the 
presence of nearby forested areas. These mature paleosols alternate with immature ones containing the bee cells Celliforma 
rosellii and Celliforma pinturensis, together with Coprinisphaera frenguellii. While primate body fossils are absent, skeletons 
of large herbivorous mammals (e.g. Astrapotherium and Astrapothericulus) are abundant. Large herbivores most likely pro- 
vided the dung that was exploited by the scarabid beetles. The presence of burrowing bees is consistent with arid conditions 
and moderate plant growth. Integration of sedimentological, ichnological, and paleontological evidence suggests that the 
Pinturas Formation reveals a succession of ash-fall events, deforestation, drying, and establishment of eolian-dune fields, 
followed by the return of humid conditions, forest development, and the formation of mature paleosols. 

References: Bown and Laza (1990); Genise and Bown (1994a). 
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Soil processes affect the primary sedimentary fabric and may 
also disrupt biogenic structures. For example, laterization may 
strongly affect paleosol ichnofabrics, only allowing preserva- 
tion of insect nests with thick constructed walls (Genise et al., 
2004b). In addition, laterization disrupts ichnofabrics by ran- 
domly reorienting insect nests. These authors noted that soil 
features that disrupt the primary fabrie of terrestrial deposits 
are in some cases independent of bioturbation and, therefore, 
proposed that the pedofabrie should be evaluated independ- 
ently from the iehnofabric (see Section 5.5). 

The position of the water table strongly controls the type of 
trace fossils present in soils (e.g. Hasiotis et al., 1993b; Genise 
et ah, 2004b). While bee and dung beetle nests commonly 
occur in environments characterized by low water tables, 
ant and termite nests are present in well-drained to season- 
ally flooded soils, and earthworms typically burrow in moist 
substrates, such as gleyed paleosols (Genise et al., 2004b) (see 
Section 6.1.10). The water table preferences of coleopteran 
pupal chambers are less understood, although available infor- 
mation indicates that they occur above the water table (Genise 
et al., 2002). Waterlogged soils are commonly reducing, pre- 
cluding insect nesting (Retallack, 1990). 

Climate ranks as one of the most significant controls in paleo- 
sol ichnofaunas, and this is clearly refleeted in recently devel- 
oped models of paleosol ichnofacies (Genise et al, 2000, 2004a, 
2010a). As a result, ichnofacies show a close correspondence 
with the plant formations identified by Mueller-Dombois and 
Ellenberg (1980). In particular, the Coprinisphaera ichnofacies 
occurs in paleosols developed in paleoecosystems of herbaceous 



eommunities, ranging from dry and cold to humid and warm 
conditions, while the Termitichnus ichnofacies is present in pale- 
osols formed in closed forests with plant growth under warm 
and humid conditions and the Celliforma ichnofacies typifies 
earbonate-rich paleosols (see Sections 4.4.3, 4.4.5, and 4.4.6). 

The importance of climate as a limiting factor on paleosol 
iehnofaunas is due to their overwhelming dominance by insect 
nests, which contain larvae provisioned with organie mat- 
ter. Larvae and provisions are strongly sensitive to microcli- 
matic conditions (e.g. moisture and soil temperature) because 
an excess of moisture inside cells leads to decay of provisions 
and insufficient moisture is conducive to larval dehydration 
(see Section 6.1.9). Overall, dung beetles, bees and, to a lesser 
extent, ants nest in bare soil exposed to sun rather than in 
humid tropical areas (Batra, 1984; Michener, 1979; Genise and 
Bown, 1994a). In contrast, most termite nests typically char- 
acterize more humid soils (Grasse, 1984). Some termites (e.g. 
Macrotermitinae), however, exhibit a wider range and are able 
to live from tropieal rain forests to semiarid steppes. 

Duration of subaerial exposure strongly impacts soil 
maturity and trace-fossil diversity. Extended periods of sub- 
aerial exposure are commonly associated with mature soils 
that contain abundant and diverse insect nests. Termite eol- 
ony growth by apposition of chambers and contemporaneous 
formation of new colonies reflect long periods of subaerial 
exposure (Genise and Bown, 1994b). In contrast, nests of 
solitary inseets require shorter periods of subaerial expos- 
ure. Finally, soils formed around water bodies or in swamps 
lack insect nests and contain only root traces. 



1 1 Ichnology of carbonate environments, rocky shorelines, and 
volcanic terrains 



The pillars are forty-two feet in height; their surface is smooth and uninjured to the height of about twelve feet above their pedestals. Above 
this, is a zone, twelve feet in height, where the marble has been pierced by a species of marine perforating bivalve - Lithodomus, Cuv. The 
holes of these animals are pear-shaped, the external opening being minute, and gradually increasing downwards. At the bottom of the 
cavities, many shells are still found, notwithstanding the great numbers that have been taken by the visitors. The perforations are so con- 
siderable in depth and size, that they manifest a long continued abode of the Lithodomi in the columns; for, as the inhabitant grows older 
and increases in size, it bores a larger cavity, to correspond with the increasing magnitude of its shell. We must, consequently, infer a long 
continued immersion of the pillars in sea-water, at a time when the lower part was covered up and protected by strata of tuff and the rubbish 
of buildings, the highest part at the same time projecting above the waters, and being consequently weathered, but not materially injured. 

Charles Lyell 
Principles of Geology (1830) 



Estoy sentado aqui en el atolon. Estoy sentado y plantado aqui en el atolon. 

Luis Alberto Spinetta 
Holanda (1996) 



As mentioned in previous chapters, our ichnological knowledge 
of the different depositional environments is highly variable. 
For example, carbonates have received less attention than silici- 
clastics. Also, volcanic terrains have been little explored from an 
ichnological perspective. On the other hand, rocky shorelines, 
which fall within the realm of bioerosion, have been the focus 
of a number of detailed ichnological studies, both on modern 
and ancient shorelines. In fact, the study of bioerosion has a 
long history, starting with Lyell’s (1830) observation of borings 
produced by the lithophagid bivalve Lithodomus, which actu- 
ally belongs in the ichnogenus Gastrochaenolites, pervasively 
bioeroding the marble pillars of the Temple of Serapis. In this 
chapter, we will explore the ichnology of this last set of envi- 
ronments. First, we will focus on carbonate rocks, addressing 
shallow-marine tropical carbonates, reefs, shelf and deep-sea 
chalk, and carbonate turbidites. Second, we will review our pre- 
sent knowledge of rocky shorelines. Finally, we will explore the 
ichnology of environments strongly affected by volcanism. 

11.1 CARBONATE SYSTEMS 



Notwithstanding some exceptions (e.g. fluvial and glacial), almost 
all siliciclastic environments have carbonate counterparts (Kennedy, 
1975). Carbonates have certain peculiarities that distinguish them 
from siliciclastics, and impact on production and preservation of 
biogenic structiues. Among these peculiarities, the role of early 
cementation (leading to ample development of firm and hard sub- 
strates), the influence of organisms on early diagenesis, the role of 
color contrast, and the heterogeneity in sediment composition and 
texture rank among the most important (Kennedy, 1975; Ekdale 
et al, 1984; Ciuran, 1994, 2007). Early cementation is widespread 



in carbonate substrates (e.g. Wilson, 1975). In fact, lithification can 
take place even before biurow abandonment by the producers, or 
after abandonment but before infill of the structines (Shinn, 1968; 
Kennedy, 1975). Early cementation is conducive to the establish- 
ment of hardgrounds, and is the driving force behind development 
of substrate-controlled ichnofacies and associated bioerosion (e.g. 
Bromley, 1967, 1975; Goldring and Ka&nierczak, 1974; Palmer, 
1978; Gruszczynski, 1979; Bottjer, 1985; Landing and Brett, 
1987; Mangano and Buatois, 1991; Bromley and Allouc, 1992) 
(Fig. ll.la-b). In turn, early diagenesis is influenced by burrowing 
activities, and diagenesis influences preservation of biogenic struc- 
tures (e.g. Mason, 1980; Archer, 1984; Narbonne, 1984; Fillion et al, 
1990). For example, diagenesis may lead to the formation of dolo- 
mite haloes surrounding burrow systems contributing to the forma- 
tion of mottling textures (e.g. Pak and Pemberton, 2003; Pemberton 
and Gingras, 2005) (Fig. 11.2a-b). Carbonate sediment Eh/pH is 
strongly affected by the activity of deposit and detritus feeders. For 
example, Taylor (1964) demonstrated that between 80 and 90% of 
carbonate sands at a study area in the Bahamas have passed through 
the digestive tract of echinoderms. Virtually every single chalk par- 
ticle is thought to have been ingested by organisms (Ekdale and 
Bromley, 1991). In addition, pellet production plays a major role in 
substrate consistency, sometimes reducing substrate stability (Pryor, 
1975; Ekdale et al, 1984). Several factors contribute to the somewhat 
decreased preservation potential of biogenic structures in carbonates. 
Although common in siliciclastics, contrasts between trace fossils 
and the host sediment are rare in carbonates, complicating visual- 
ization of ichnofossn forms (Curran, 1994, 2007). Furthermore, the 
degree of heterogeneity in composition and texture also impacts 
on preservation potential. Carbonates with high textural and com- 
positional contrasts tend to favor preservation of discrete biogenic 
structures (Archer, 1984; Maples and Archer, 1986). 
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Figure 11.1 Substrate-controlled 
ichnofaunas in carbonate rocks, 
(a) High density of firmground 
Rhizocorallium isp. Upper Jurassic, 
Rodiles Formation, El Puntal Cliffs, 
San Martin del Mar, Villaviciosa, 
Asturias, northern Spain. Lens 
cap is 5.5 cm. (b) Trypanites isp. 
and Gastrochaenolites isp. in a 
hardground. Contact between the 
Middle Jurassic Upper Inferior 
Oolite and underlying Carboniferous 
limestone. Nunney Quarry, 
Somerset, England. Scale bar is 1 
cm. See Bromley (1975). 




Figure 11.2 Thalassinoides-]ike hmrow 
systems in a mottled limestone. Upper 
Ordovician, Red River Formation of 
Manitoba, Canada. This limestone 
is known as Tyndall stone. Wall at 
the entrance to the Department of 
Geological Sciences of the University 
of Saskatchewan, (a) General view of 
branching burrow systems. Scale bar is 
10 cm. (b) Close-up showing branch- 
ing and dolomitic halo surrounding 
the burrow; only the darker inner core 
is the actual burrow. Scale bar is 1 cm. 
See Pak and Pemberton (2003). 



However, Pemberton and Jones (1988) indicated that differ- 
ences between carbonate and siliciclastic ichnology have been 
overstated. These authors pointed out that in many instances 
carbonate components are transported rather than produced in 
situ and, therefore, they are subjected to the same hydrodynamic 
principles as siliciclastics. This situation has been illustrated by 
Wu (1982), who documented colonization suites in carbonate 
tempestites. In the same vein, Pickerill et al. (1984) described 
a carbonate ichnofauna in which diagenetic processes, albeit 
important, did not mask the original environmental distribu- 
tion of trace fossils. 

Present knowledge of the ichnology of different carbonate 
environments is uneven, with most studies focused on shallow- 



marine tropical carbonates, reefs, and pelagic carbonates (i.e. 
chalk). A smaller proportion of studies have dealt with the ich- 
nology of carbonate turbidites. 

11.1.1 SHALLOW-MARINE TROPICAL CARBONATES 

Most ichnologic studies on shallow-marine tropical carbon- 
ates have been based on Pleistocene and recent examples in 
the carbonate factories of Florida, the Bahamas Archipelago, 
the Seychelles Islands, and the Persian Gulf (e.g. Shinn, 1968; 
Farrow, 1971; Braithwaite and Talbot, 1972; Pemberton and 
Jones, 1988; Curran, 1992, 1994, 2007). In particular, San 
Salvador Island in the Bahamas has been the focus of intense 
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Figure 11.3 Schematic reconstruc- 
tion of trace-fossil distribution in 
shallow-marine tropical carbonate 
environments. Coastal eolian-dune 
deposits contain CeUicalichnus 
(Ce), Coenobichnus (Co), Skolithos 
(Sk), and root traces (Rt). Sandy- 
beach deposits are dominated by 
Pj;7o«;cMius(ft).lntertidal-lagoonal 
deposits may exhibit Ophiomorpha 
(Op), fiddler crab burrows (Fc) and 
Upogebia burrows (Up). Shallow- 
subtidal calcarenites may contain 
Ophiomorpha (Op), Skolithos (Sk), 
Conichnus (Cn), and Planolites 
(PI). Deep-subtidal deposits host 
Fuersichnus (Fu), Helicodromites 
(He), Planolites (PI), Riiizocorallium 
(RH), Thalassinoides(Th), Teichichnus 
(Te), and Chondrites (Ch). 



scrutiny (e.g. Curran, 1984, 1992, 1994, 2007; Curran and 
White, 1991, 2001). These studies allow comparisons between 
Pleistocene and Holocene deposits and their modern analogues, 
and documented distribution of biogenic structures from coastal 
dunes to sandy beaches, and intertidal and shallow-subtidal 
environments (Fig. 11.3). As noted by Curran (2007), trop- 
ical carbonate environments are extremely rich in biodiversity. 
However, their ichnological record is of relatively low diversity, 
probably as a result of taphonomic overprints, such as domin- 
ation of burrows (Ophiomorpha) of deep-tier callianassids. 

Coastal-dune deposits in tropical settings consist of large- 
scale, planar cross-stratified calcarenite with multiple truncation 
surfaces (Carew and Mylroie, 2001). In the Bahamas, the dunal 
ichnocoenosis is the most diverse of all trace-fossil suites (Curran 
and White, 2001; Curran, 2007). Root traces (Fig. 1 1.4a) are the 
most abundant, and may lead to complete obliteration of the 
primary fabric in the case of vegetated dunes showing paleosol 
development. Animal traces are represented by many different 
arthropod structures, including cluster burrows attributed to 
sphecid wasps, stellate burrows (CeUicalichnus) of halictid bees 
(Fig. 11.4b), and vertical insect or spider burrows (Skolithos) 
(Fig. 1 1 .4c), as the most common structures. Land hermit crab 
trackways (Coenobichnus) are present also (Walker et al, 2003), 
together with burrows constructed by the land crab Gecarcinus 
lateralis (Seike and Curran, 2010). Terrestrial ichnofaunas from 
tropical carbonates illustrate the Celliforma ichnofacies dis- 
cussed by Genise et al. (2000, 2010a) and Melchor et al. (2002). 

Beach deposits typically consist of calcarenite with abundant 
shell fragments, with surfaces gently dipping landwards behind 
the berm. These deposits contain vertical J-, Y-, and U-shaped 
burrows assigned to Psilonichnus and constructed by ghost 



crabs, such as Ocypode quadrata (Frey et al., 1984a; Curran, 
1984, 1994, 2007). In contrast to siliciclastic settings, the ghost 
crab Ocypode quadrata typically does not inhabit dunes in the 
tropics, being restricted to the unvegetated beach backshore 
zone (Curran and White, 1991; Curran, 2007) (Fig. ll.Sa- b). 
Similar burrows have been documented not only in the back- 
shore calcarenite of the Bahamas Archipelago but also in 
Bermuda (Curran, 1994) and the Persian Gulf (Knaust, 1997). 
It has been suggested that some of these crustacean burrows 
may have been later modified by a hymenopteran which con- 
structed brooding chambers (Martin, 2006). Ichnofaunas from 
beach-backshore tropical carbonates represent the Psilonichnus 
ichnofacies (Curran, 1994, 2007). Towards the foreshore, high 
energy is detrimental to infaunal activity, and also reduces the 
preservation potential of biogenic structures. 

Intertidal lagoons under slightly hypersaline conditions and 
fringed landwards by mangroves are common in the Bahamas 
(Curran, 1994; Curran and Martin, 2003). Deposits mostly 
consist of carbonate sands and minor amounts of mud, form- 
ing extensive tidal flats that display a topography of mounds 
and craters produced by the callianassid shrimp Glypturus 
acanthochirus (Curran, 1994, 2007; Curran and Martin, 2003) 
(see Section 6.6). Glypturus acanthochirus burrows are deep, 
large, and complex, with a downward spiraling morphology. 
Microbial growth allows mound stabilization and coloniza- 
tion by the shrimp Upogebia vasquezi and the fiddler crab Uca 
major, which produce U-shaped, commonly paired, burrows 
(Fig. 1 1.6a) and simple obliquely vertical burrows (Fig. 1 1.6b) 
with a basal bulbous turnaround, respectively. Uca trackways 
are common also (Fig. 11.6b). Large amounts of pellets (fecal, 
feeding, and excavation) are typically produced (Curran, 1994, 
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Figure 11.4 Characteristic trace 
fossils of coastal-dune deposits in 
tropical settings, (a) High density 
of rhizomorphs (or rhizoliths). 
Pleistocene, Cockburn Town Mem- 
ber, Grotto Beach Formation of San 
Salvador Island, Bahamas. Scale 
bar is 20 cm. (b) Stellate burrows 
(Cellicalichnus) probably produced 
by halictid bees Holocene, Hanna 
Bay Member, Rice Bay Formation 
of San Salvador Island, Bahamas. 
Scale bar is 10 cm. (c) Vertical insect 
or arachnid burrows attributed 
to Skolithos (arrows). Holocene, 
Hanna Bay Member, Rice Bay 
Formation of San Salvador Island, 
Bahamas. Scale bar is 10 cm. See 
Curran and White (2001). 




Figure 11.5 Cast of modern Y- 
shaped burrows constructed by the 
ghost crab Ocypode quadrata in beach 
backshore deposits. These burrows 
would be assigned to Psilonichnus 
upsilon in the fossil record. Specimens 
housed at the Gerace Research 
Station of San Salvador Island, 
Bahamas. Scale bars are 10 cm. See 
Curran and White ( 1 99 1 ) and Curran 
(2007). 
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Figure 11.6 Biogenic structures in 
a modern carbonate lagoon flanked 
by mangroves. Pigeon Creek, San 
Salvador Island, Bahamas, (a) 
U-shaped, paired burrows of the 
shrimp Upogebia vasquezi. Scale bar 
is 1 cm. (b) Opening of simple ver- 
tical burrows and associated track- 
way of the fiddler crab Uca major 
Scale bar is 2 cm. (c) Concentration 
of Uca major feeding pellets. Scale 
bar is 1 cm. (d) Grazing trails of 
batillarid gastropods that in the 
fossil record would be assigned to 
the ichnogenus Archaeonassa. Scale 
bar is 2 cm. See Curran and Martin 
(2003). 



2007; Curran and Martin, 2003) (Fig. 11.6c). During low tide, 
batillarid gastropods produce grazing trails in mangrove areas 
(Fig. 11. fid). Similar lagoonal ichnofaunas have been docu- 
mented in the Seychelles (Farrow, 1971) and Belize (D worschak 
and Ott, 1993). Large spiraling callianassid burrows occur in 
the Seychelles. In Belize, the mounded topography occurs in 
intertidal channels and subtidal zones of the lagoon, and is 
also the result of Glypturus acanthochirus . Mangrove chan- 
nels include U- and Y-shaped vertical burrows of the shrimps 
Alpheus floridanus and A. heterochaelis. Burrows of the shrimp 
Neocallichirus grandimana occupy shallow tiers in intertidal 
zones. Other structures in Belize lagoonal deposits are J- and 
U-shaped burrows of Corallianassa longiventris and simple 
burrows of Axiopsis serratifrons. 

In the fossil record, a common ichnotaxon in calcaren- 
ites of subtidal, higher energy settings is Conichnus coni- 
cus (Pemberton and Jones, 1988; Curran, 1994; Curran 
and White, 1997). This ichnotaxon is commonly present in 
planar cross-bedded calcarenites formed in back-reef and 
shallow-subtidal shoaling bar and tidal-channel settings. 
Conichnus conicus has often been attributed to the upward 
escape-burrowing activity of sea anemones, although other 
possibilities exist and should be considered (Curran and 
White, 1997; Buck and Goldring, 2003). Fossil burrows of 
Upogebia vasquezi also occur in Pleistocene lagoonal-mar- 
gin deposits of the Bahamas (Curran and Martin, 2003). 
Extensive Thalassinoides systems can also be common, as 
described by Monaco and Giannetti (2002) from the Jurassic 
of the Southern Alps, Italy. Although Pleistocene lagoonal 
ichnofaunas are of low diversity, those in lagoonal calcaren- 
ites of Grand Cayman Island are more diverse, including 



Bergaueria, Ophiomorpha, and Skolithos, among other ichno- 
genera, illustrating the Skolithos ichnofacies (Pemberton and 
Jones, 1988; Jones and Pemberton, 1989). Jurassic lagoonal 
lithographic limestones of the Cerin fossil site (France) 
show a more complex pattern of trace-fossil distribution, in 
which unburrowed intervals alternate with beds containing 
polychaete (Tubularina lithographica) and crustacean bur- 
rows (Rhizocorallium irregulare and Thalassinoides suevicus) 
(Gaillard et al., 1994). Also, a relatively diverse ichnofauna 
containing Polarichnus, Palaeophycus, Skolithos, Bergaueria, 
and Helicodromites, among other forms, was documented in 
Silurian intertidal deposits (Narbonne, 1984). 

Open-marine shallow-subtidal carbonates in tropical environ- 
ments host an incredibly diverse array of planktonic, nektonic, 
and benthic organisms. However, the preservation potential of 
the traces of many of these organisms is low. In fact, the ich- 
nological record of Bahamian Pleistocene subtidal calcarenites 
is one of rather low diversity, with a clear bias towards deep- 
infaunal vertical burrows, such as Ophiomorpha (Fig. 11.7a--b) 
and, more rarely, Skolithos, representing the Skolithos ichno- 
facies (Curran, 1992, 1994, 2007). Similar ichnofaunas occur 
in high-energy shoals where Ophiomorpha and Diplocraterion 
dominate (Fiirsich, 1998). In areas of relatively low energy 
during fair-weather times, but sporadically affected by storms, 
two contrasting suites occur as in the case of storm-influenced 
siliciclastic settings (see Section 7.1). Ophiomorpha is common 
in tempestites, while Thalassinoides, Zoophycos, and Planolites 
predominate in background deposits (Fiirsich, 1998). 

Under lower-energy conditions, such as those in distal carbon- 
ate ramps and platforms, more diverse suites dominated by hori- 
zontal trace fossils may be preserved, including Thalassinoides, 




Carbonates, rockgrounds, and volcanics 



222 




Figure 11.7 Ophiomorpha nodosa in carbonate sandy patches formed between reef areas. Pleistocene, Cockburn Town Member, Grotto Beach Formation 
of San Salvador Island, Bahamas, (a) General view. Pencil (lower center) is 16 cm. (b) Close-up showing dense mazes of Ophiomorpha nodosa. Lens cap 
is 5.5 cm. See Curran (1994, 2007). 




Figure 11.8 Bioerosion by sea urchin in beachrock, French Bay, San 
Salvador Island, Bahamas. Scale bar is 2 cm. 



Rhizocorallium, Fuersichnus, Protovirgularia, Fdelicodromites, 
Palaeophycus, Teichichnus, Cruziana, and Chondrites, among 
other ichnogenera (e.g. Narbonne, 1984; Maples and Archer, 
1986; Fraaye and Werver, 1990; Fiirsich, 1998). Thalassinoides is 
a eommon elite trace fossil in subtidal carbonates (e.g. Mangano 
and Buatois, 1994). These low-energy settings are represented 
by the Cruziana ichnofacies. Chondrites and, to a lesser extent, 
Planolites and Thalassinoides, are common in marly-limestone 
rhythmites formed under low-energy, dysaerobic conditions 
(e.g. Oloriz and Rodriguez-Tovar, 1999a). 

Bioerosion is also important in shallow-marine carbonate 
settings. In particular, beachrock, which typically occurs dis- 
continuously in the intertidal zone (Ginsburg, 1953), provides 
a substrate for many bioeroding organisms. These include sea 
urchins (Fig. 11.8), clionid sponges, polychaetes, bivalves, and 
sipunculans, among other organisms (e.g. Moran and Reaka, 
1988; Stearley and Ekdale, 1989). Beachrock bioeroders may be 
highly variable depending on the complexity of the intertidal 



area (Stearley and Ekdale, 1989). On gently dipping regular 
surfaces, endolithic populations tend to be of higher density 
and lower diversity than those in more stepped and complex 
beachrock, comprising a network of pools and channels. In 
addition, cavities produced by bioeroders provide a shelter for 
a sessile and motile cryptic fauna that protect themselves from 
predation and physical stress (Moran and Reaka, 1988). 



11.1.2 REEFS 

Reefs are one of the most appropriate ecosystems for the estab- 
lishment of bioeroding organisms (Warme, 1977; Bromley, 1978; 
Perry and Hepburn, 2008). Bioeroders play two main roles in 
reefs: (1) they effectively weaken the substrate, making it more 
susceptible to weathering and erosion, and (2) they may produce 
large amounts of sediment as a by-product (Perry and Hepburn, 
2008). Sponges (e.g. Cliona) are typically the most important 
infaunal bioeroders, substantially contributing to substrate deg- 
radation. Sponges produce dense networks of inter-connected 
chambers up to several centimeters deep, included in the ich- 
nogenus Entobia (Bromley and D’ Alessandro, 1990). Bivalves, 
although producers of single discrete boreholes (ichnogenus 
Gastrochaenolites), are also effective agents of bioerosion in 
reefs (Perry and Hepburn, 2008). Boring polychaetes, producers 
of the ichnogenus Trypanites among other ichnotaxa, are small 
and, in comparison with sponges and bivalves, do not extract 
significant amounts of CaCOj (Perry and Hepburn, 2008). 
However, they may modify the substrate, facilitating bioerosion 
by other agents (Perry and Hepburn, 2008) and, in some cases, 
they have been documented to contribute significantly to bioero- 
sion (Hein and Risk, 1975; Klein et ah, 1991). Other common 
bioeroders, albeit volumetrically of less impact, are chitons, 
cirripedians, and gastropods. Also, because coral reefs are liv- 
ing substrates, they are ideal for bioclaustration structures (see 
Section 1.4.14). Examples of these include cirripedian, bivalve, 
gastropod, and polychaete borings (Ekdale et ai, 1984). 
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Earlier studies in Bermuda did not detect bathymetric zona- 
tions of bioerosion structures in modern reefs (Bromley, 1978). 
However, subsequent work in the Mediterranean Sea demon- 
strated that shallow-water coral reefs display a higher diver- 
sity of borings than their deep-water equivalents, although 
no changes in abundance were detected (Bromley and 
D’Alessandro, 1990). Some differences in boring distribution 
occur at ichnospecific level. For example, Entobia paradoxica 
is abundant only in deep reefs, while E. volti and E. gigantea 
are restricted to coastal environments. 

Although most bioerosion studies on reefs have been under- 
taken in modern environments, there are a few detailed analyses 
dealing with fossil material. James et al. (1977) documented the 
ichnogenus Trypanites in Lower Cambrian archaeocyatid reefs. 
Bertling (1997) identified 24 ichnospecies in a Jurassic reef This 
highly diverse ichnofauna includes sponge (Entobia), polychaete 
(Caulostrepsis, Maeandropolydora), bivalve (Gastrochaenolites), 
phoronid (Talpina), and cirripedian (Rogerella) borings, among 
other ichnogenera. Sedimentation rate is a major limiting fac- 
tor. Low sedimentation rates promote intense bioerosion on 
dead coral, mostly by siphunculids, polychaetes, and lithophagi- 
ans. With high rates of sedimentation bioerosion is less intense 
and bivalves become the dominant forms, mostly in living coral 
(Bertling, 1997). Perry (2000) documented boring distribution in 
a Pleistocene fringing reef complex in Jamaica. This fossil reef 
contains Entobia, Gastrochaenolites, Maeandropolydora, and 
Trypanites. Diverse assemblages of borers, dominated by sponges 
and polychaetes, with bivalves being locally important, occur in 
back-reef/lagoon facies. Shallow fore-reef facies are dominated 
by borings produced by sponges, with polychaete borings being 
locally important and bivalve borings rare or absent. 

11.1.3 SHELF AND DEEP-SEA CHALK 

The term “chalk” refers to pelagic sediment mostly consisting 
of calcareous nanoplankton (Scholle et ah, 1983). Arguably, 
most ichnological studies in carbonates have focused on chalk 
(e.g. Bromley, 1967; Frey, 1970, 1972; Frey and Bromley, 1985; 
Bromley and Ekdale, 1984a, 1986; Ekdale and Bromley, 1984a, 



1991). In addition, chalk deposits represent the birthplace of a 
number of ichnological concepts, such as tiering, ichnofabrics, 
and ichnoguilds (see Chapter 5). In chalk deposits observations 
are usually performed in cross-section due to the absence of 
available bedding planes. In addition, a number of techniques are 
used in order to visualize biogenic structures in cores (Bromley 
and Ekdale, 1984a). The combination of very slow rates of sedi- 
mentation and fully marine conditions leads to complete bio- 
genic reworking of chalk deposits (Ekdale and Bromley, 1991). 

Two main types of chalk deposits can be distinguished, shelf 
and deep-sea chalk. Shelf chalk forms between water depths 
of 50 and 300 m, while deep-sea chalk occurs at much greater 
depths, up to thousands of meters (Scholle et al., 1983). Both 
are similar in terms of texture and composition because they 
share the same pelagic components regardless of water depth. 
However, minority components show some differences. Shelf 
chalk commonly contains fine detrital particles (e.g. quartz, 
feldspar), while those formed below the carbonate compensa- 
tion depth (CCD) contain siliceous organisms, such as diatoms 
and radiolarians. In any case, the most significant controls on 
the infauna are linked to post-depositional processes (e.g. early 
cementation and erosion by currents; Ekdale and Bromley, 
1984). In general, deep-sea chalk is compositionally and textur- 
ally more homogeneous. 

Shelf-chalk ichnofaunas have been documented in Upper 
Cretaceous outcrops of Europe (England, Denmark) and 
United States (Alabama, Kansas) (Bromley, 1967; Kennedy, 
1967, 1970, 1975; Frey, 1970, 1972; Frey and Bromley, 1985; 
Bromley and Ekdale, 1984a; Ekdale and Bromley, 1984, 1991) 
(Box 5.2). Crustacean burrow systems, such as Thalassinoides 
(Fig. 11.9), are dominant in shelf chalk (Ekdale and Bromley, 
1984). Preferential preservation of these systems results from 
differential cementation or silicification of burrow fills, com- 
monly accompanied by changes in colors, leading to the forma- 
tion of elite trace fossils (Bromley and Ekdale, 1984a; Bromley, 
1990, 1996) (see Section 5.2.2). Extensive development of omis- 
sion surfaces and hardgrounds is conducive to the establishment 
of pre-omission, omission, and post-omission suites, which 
may be delineated based on the morphology and architecture 




Figure 11.9 Trace fossils from chalk. Deep-tier Thalassinoides isp. and Chondrites isp. Upper Cretaceous, Austin Chalk, east of Austin, central Texas, United 
States. Scale bar is 1 cm. 
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Figure 11.10 Trace fossils preserved 
at the base of carbonate turbidites. 
Eocene, Punta Carnero Formation, 
Margarita Island, Venezuela, (a) 
Desmograpton isp. (b) Megagrapton 
suhmontanum. (c) Scolicia strozzi. 
Scale bars are 1 cm. 



of the associated Thalassinoides systems. Pre-omission burrows 
are commonly ideomorphic (e.g. T. suevicus). With progressive 
cementation and formation of calcareous nodules (omission and 
post-omission suites), burrows of irregular architecture having 
abundant constrictions (e.g. T. paradoxicus) tend to dominate 
(Bromley, 1967; Kennedy and Garrison, 1974). Other crustacean 
structures, such as Ophiomorpha and Gyrolithes, may occur as 
subordinate components (Bromley and Ekdale, 1984a). Feeding 
trace fossils (e.g. Chondrites, Zoophycos, Planolites, Teichichnus) 
are relatively common, but are less conspicuous because they 
are not usually affected by differential cementation (Bromley 
and Ekdale, 1984a). Another typical structure is the large bur- 
row Bathichnus paramoudrae, which has been linked to rapid 
sedimentation (Nygaard, 1983). Bioerosion is commonly both 
in hardground surfaces and invertebrate shells (e.g. Bromley, 
1970, 1979). 

Deep-sea chalks are known almost exclusively by 
the study of deep-sea cores from the southwest Pacific, 
Mediterranean, Caribbean, and Philippine seas, as part 
of the Deep-Sea Drilling Project (e.g. Ekdale, 1977, 1978, 
1980). The age of these deposits ranges from late Mesozoic 
to Holocene (Scholle et al., 1983). Feeding trace fossils, 
such as Planolites, Zoophycos, and Chondrites, are dom- 
inant (Ekdale and Bromley, 1984a). Other differences with 
respect to their shallow counterparts are the absence of 
crustacean burrows and substrate-controlled suites, as well 
as the lower ichnodiversity. However, the latter feature may 
simply reflect the small width of cores (Ekdale and Bromley, 
1984a). 



11.1.4 CARBONATE TURBIDITES 

The ichnology of carbonate turbidites is poorly understood 
and only a few studies have been undertaken. Eocene carbon- 
ate turbidites from Margarita Island (Venezuela) contain a 
moderately diverse ichnofauna dominated by graphoglyptids, 
such as Paleodictyon, Helminthorhaphe, Desmograpton (Fig. 
11.10a), Megagrapton (Fig. 11.10b), Protopaleodictyon, and 
Urohelminthoida (Muiioz, 1986; Munoz et al, 1997). Other ele- 
ments include Scolicia (Fig. 11.10c) and Thalassinoides. In con- 
trast to siliciclastic turbidites of similar age, ichnodiversity and 
abundance seem to be lower. Jurassic carbonate turbidites of 
Morocco also contain graphoglyptids {Paleodictyon), but feed- 
ing structures, such as Teichichnus, Zoophycos, and Chondrites, 
are dominant (Ekdale and Warme, 1975). In addition, studies in 
Cretaceous-Paleocene carbonate turbidites in Italy suggest that 
diagenetic processes may favor preservation of full-relief struc- 
tures, in comparison with the typical semirelief preservation which 
is dominant in siliciclastic turbidites (Powichrowski, 1989). 

11.2 ROCKY SHORELINES 



Rocky shorelines are extensive in modern environments (one 
third of the world’s present coastlines), but have not been rec- 
ognized in the fossil record to the same degree (Johnson, 1988, 
2006). Bioerosion is extremely common in rocky shorelines, 
particularly in those formed by limestone (Fig. ll.lla-c) 
and represented by the Trypanites ichnofacies, the arche- 
typal association in these settings. Although other substrates 
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Figure 11.11 Trace fossils in rocky 
shorelines (a) Entohia cracoviensis. 
A large chambered sponge boring 
formed in a Late Cretaceous abra- 
sion platformcutintoUpperJurassic 
limestone. Upper Cretaceous, 
Bonarka Quarry, Cracow, Poland. 
See Bromley et al (2009a). Scale 
bar is 5 cm. (b) Trypanites isp. (Tr) 
and Gastrochaenolites isp. (Ga) 
in a rocky shoreline formed dur- 
ing a Middle Miocene transgres- 
sion. Borings are emplaced in an 
Upper Jurassic limestone. Skotniki 
Quarry, Holy Cross Mountains, 
Poland. Scale bar is 1 cm. (c) Cliff 
conglomerate clast containing 
deep borings of Gastrochaenolites 
isp. Middle Miocene, Skotniki 
Quarry, Holy Cross Mountains, 
Poland. See Radwahski (1969). 
(d) General view of Cretaceous 
shoreface sandstone (Quiriquina 
Formation) overlying the Upper 
Paleozoic metamorphic basement. 
Cocholgue, Chile. See Buatois and 
Encinas (2011). (e) Detailed view 
of the contact showing several 
specimens of Gastrochaenolites isp. 
penetrating the metamorphic base- 
ment. Pen is 16 cm. See Buatois 
and Encinas (2011). (f) Close-up of 
Gastrochaenolites isp. Pen is 16 cm. 
See Buatois and Encinas (2011). 



Box 11.1 Ichnology of a Pliocene rocky shoreline in Rhodes, Greece 

Pliocene rocky coasts of the Island of Rhodes have been closely scrutinized to elucidate patterns of distribution of bioerosion struc- 
tures. A wide variety of habitats were identified along a transgressed rocky shoreline, including cliff-foot platforms, steep surfaces 
along cliff-lines, caves, and overhangs. Thirty one ichnospecies were recognized, belonging to the ichnotaxa Caulostrepsis, Entobia, 
Gastrochaenolites, Gnathichnus, Oichnus, Radulichnus, Rogerella, and Trypanites, among others. These borings can be ascribed to 
living tracemakers with different degrees of confidence. The bivalves Lithophaga lithophaga, Jouannetia semicaudata, Gastrochaena 
dubia, and Petricola lapicida are producers of different ichnospecies of Gastrochaenolites. The endolithic sponge Aka sp. and several 
species of clionid sponges are producers of different Entobia ichnospecies. Six ichnoguilds were recognized. Ichnoguild I is the most 
superficial and consists of the rasping traces Radulichnus and Gnathichnus, produced mechanically by algae-browsing mollusks and 
echinoderms. Ichnoguild II occurs immediately below ichnoguild I, and includes Centrichnus and Renichnus, produced by sessile 
mollusks etching the surface of the substrate chemically. Ichnoguild III is represented by shallow-tier suspension-feeder sponge bor- 
ings illustrated by several Entobia ichnospecies. Ichnoguild IV consists of worm borings included in Trypanites, Caulostrepsis, and 
Maeandropolydora, which record various feeding strategies. Ichnoguild V records the activity of borer bivalves, and is represented by 
Gastrochaenolites and Phrixichnus. Finally, Ichnoguild VI is illustrated by the predator boring Oichnus. Two main associations are 
identified. The Entobia association occurs in the cliff surface, and records the activity of the deeper tiers. The Gnathichnus association 
is present on the surface of rapidly buried shell material, allowing for the preservation of very shallow-tier rasping borings. 

Reference: Bromley and Asgaard (1993b). 



may be bioeroded, diversity and abundance of structures is 
typically lower (Fig. ll.lld-l}. Bathymetric gradients from 
supratidal to subtidal settings are commonly displayed by 
modern bioeroders (Lewis, 1964; Stearley and Ekdale, 1989), 



and similar trends have been found in the fossil record (e.g. 
Bromley and Asgaard (1993b) (Box 11.1). 

The inclination of the rock surface plays a role in control- 
ling colonization by borers (Johnson, 2006). Time-averaged 
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Box 11.2 Volcanic eruption, bioturbation, and ash-layer preservation in the South China Sea 

Excellent ichnological work was done following the eruption of Mount Pinatubo (Philippines) in 1991. The volcanic ash 
produced during this eruption was transported westward to the South China Sea, strongly affecting the deep-sea fauna. The 
resultant ash layer is up to 10 cm thick, and covers an area of more than 400 000 km^. Because volcanic ash is barren of 
organic matter, benthic food availability was restricted to newly produced organic floes. In addition, deposition of ash layers, 
at least 3 cm thick, diminished the oxygen diffusion into the sediment below, leading to anoxia in the interstitial waters. Also, 
as ash consists of angular to subrounded grains exhibiting a granular behavior different from that of mud, unlined burrows 
tend to collapse. As a result, organisms exhibited a number of adaptations. While surface grazers disappeared, deep burrow- 
ers reopened their connection to the sea floor and were able to survive. Bioturbators interacted with the ash layer in three 
main ways. Some were able to dig through the ash layer, producing significant mixing. In other cases, animals reworked the 
ash layer from below, as illustrated by the echinoid tracemaker of Scolicia, which can completely mix layers up to 6 cm thick. 
Finally, other organisms mixed the layer from above. The preservation of the ash layer is highly variable across the South 
China Sea. In general, ash deposits thinner than 1 mm have not been observed as a continuous layer, while an approximately 
2 mm layer is patchily bioturbated. In addition, a number of factors control preservation, and allow four main provinces 
to be distinguished; (1) In areas of high primary production along the Philippines margin, mixing of the layer is intense 
because the benthic fauna is adapted to variable grain sizes and rapid deposition. (2) In areas affected by turbidity currents 
and hyperpycnal flows typical of canyons in front of river margins, rapid deposition allows preservation of the ash layer. (3) 
In areas with low amounts of benthic food, the ash is preserved due to limited mixing. (4) In the central part of the South 
China Sea, the ash is thinner than 3 cm and the benthic food content is high, resulting in less preservation potential for the 
ash layer. This work opens new perspectives to understand how benthic organisms respond to catastrophic events in basins 
affected by explosive volcanism. 

Reference: Wetzel (2009). 



communities seem to be more common in low-angle to horizon- 
tal surfaces. High topographic relief areas tend to contain more 
rapidly emplaced suites that form during a short span coeval 
with rising sea level. As a result, boring overlap is less common 
on vertical to high-angle rock surfaces than in horizontal ones. 
Some rocky shorelines are exposed to wave action, while oth- 
ers occur in more protected areas (Johnson, 2006; Johnstone 
et al, 2006). Open rocky shorelines exposed to wave action may 
be extensively bioeroded, containing dense concentrations of 
organisms that bore or nestle to shelter from waves (Johnson, 
2006). Sediments associated with storm-swept rocky shoreline 
ichnofaunas tend to be sparsely bioturbated and contain typi- 
cal ichnotaxa of high-energy settings, such as Macaronichnus, 
Ophiomorpha, and Skolithos, illustrating a Skolithos ichno- 
facies (Johnstone et al., 2006). However, continuous deepen- 
ing during transgression leads to replacement by elements of 
the Cruziana ichnofacies (e.g. Asterosoma, Chondrites), sign- 
aling a change to lower-energy conditions. Overall bioturba- 
tion is sparse in sediments associated with storm-swept rocky 
shorelines. Rocky shorelines formed in protected environments 
may enclose sediments which are slightly more bioturbated 
than their storm-swept equivalents, but ichnodiversity remains 
very low and suites are dominated by opportunistic ichnotaxa 
{Ophiomorpha, Palaeophycus). With transgression, sheltered 
shorelines become more exposed to open-ocean storms and 
fair-weather waves, and ichnodiversity remains significantly 
low. The degree of bioturbation decreases as a result of higher- 
energy conditions. 



11.3 VOLCANIC TERRANES 



Present knowledge on the ichnology of volcanic terranes is 
patchy at best. The absence of studies most likely results from 
the common scarcity of trace fossils in environments strongly 
affected by volcanism, particularly in proximal zones of vol- 
canic arcs (Crimes, 1970b), and the lower number of paleo- 
environmental analyses dealing with volcaniclastic successions 
in comparison with siliciclastic and carbonate rocks. However, 
modern studies in marine basins affected by volcanism are pro- 
viding valuable data for better understanding of benthic fauna 
response to volcanic eruptions (Wetzel, 2009) (Box 1 1 .2). 

A number of ichnological studies were focused on Ordovician 
volcanic-arc related rocks of Argentina (Mangano et al., 1996c; 
Mangano and Buatois, 1996, 1997). Although trace fossils are 
relatively uncommon, dense assemblages occur locally, sug- 
gesting short-term colonization windows during pauses in 
volcaniclastic sedimentation (Fig. 11.12a). Slope apron succes- 
sions include Planolites montanus, Palaeophycus tubularis, and 
Helminthopsis abeli in overbank deposits adjacent to a subma- 
rine channel. Shallow-marine successions include Cruziana fur- 
cifera, Helminthopsis isp., Palaeophycus tubularis, Phycodes isp., 
and Planolites beverleyensis in tempestites. Low-ichnodiversity 
levels probably result from overall environmental instability in 
volcanic-arc related settings. A large supply of volcaniclastic 
material in high-gradient areas promotes frequent sediment 
gravity flows that inhibit the establishment of a diverse resi- 
dent fauna. These deposits may locally contain burrows that 
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Figure 11.12 Trace fossils in volcaniclastic-flow deposits, (a) Cruziana furcifera cross-cut by Phycodes isp. preserved at the base of a shallow-marine vol- 
caniclastic sandstone. Lower Ordovician, Loma del Kilometre Member, Suri Formation, Punta Petrea, Chaschuil, northwest Argentina. See Mangano 
et al. (1996c). (b) Deep Rosselia socialis penetrating from a colonization surface at the top of a shallow-marine volcaniclastic sandstone. Upper 
Permian, Kiama Sandstone Member, Broughton Formation, Pheasant Point, southern Sydney Basin, eastern Australia. Lens cover is 5.5 cm. See Shi 
and Weldon (2002). 



penetrate from the top of the event layer reflecting opportunis- 
tic colonization (Fig. 1 1 .12b). 

Silurian carbonate turbidites emplaced in a slope apron 
adjacent to a volcanic arc contain trace-fossil assemblages 
that are similar in both overall features and taxonomic com- 
position (Soja, 1991). This ichnofauna contains a few poorly 
specialized ichnotaxa {Palaeophycus, Planolites, Chondrites). 
Recurrent local catastrophes were regarded as the most import- 
ant limiting factor affecting the benthic fauna. Similarly, 
Cretaceous deep-marine deposits of Turkey, rich in volcani- 
clastic grains make of sharp-edged glass shards, contain an 



unusually low diversity ichnofauna (Uchman et al., 2004a). 
It has been argued that those materials were unsuitable for 
the development of a bacterial film that is essential for the 
infaunal food chain, and that hydrochemical conditions and 
the release of poisonous substances due to active volcanism 
were detrimental to benthic life (Uchman et al., 2004a). On 
the other hand, Cretaceous volcaniclastic shallow-marine 
deposits in Antarctica emplaced in a most distal position with 
respect to the volcanic arc contain more diverse suites that 
resemble those from similar environments in siliciclastic set- 
tings (Scasso et al., 1991). 



Part III A matter of time 
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For my part, following out Lyell’s metaphor, I look at the natural geological record, as a history of a world imperfectly kept, and 
written in a changing dialect; of this history we possess the last volume alone, relating only to two or three countries. Of this volume, 
only here and there a short chapter has been preserved; and of each page, only here and there a few lines. 

Charles Darwin 
On the Origin of Species (1859) 

Trace fossils are proving to be one of the most important groups of fossils in delineating stratigraphically important boundaries 
related to sequence stratigraphy. 

George Pemberton and James MacEachern 
“The sequence stratigraphic significance of trace fossils: examples 
from the Cretaceous Foreland Basin of Alberta, Canada” (1995) 



The appearance of sequence stratigraphy in the late eighties 
resulted in a revolution in the study of sedimentary rocks. The 
shift from seismic stratigraphy (Vail et ai, 1977) to sequence 
stratigraphy brought the incorporation of outcrops and cores 
as sources of data in stratigraphic analysis (Posamentier et ai, 
1988; Posamentier and Vail, 1988; Van Wagoner et ai, 1990). 
Coincident with this shift, ichnological studies began to empha- 
size the importance of trace fossils in sequence stratigraphy 
(e.g. Savrda, 1991b; MacEachern et ah, 1992; Pemberton et al., 
1992b). In little more than a decade, the field experienced a 
rapid increase in the number of studies devoted to exploring 
the applicability of ichnology in refining sequence-stratigraphic 
analysis (e.g. MacEachern et al., 1992, 1999a, 2007c; Savrda 
et ai, 1993; Taylor and Gawthorpe, 1993; Pemberton and 
MacEachern, 1995; Ghibaudo et al., 1996; Martin and Pollard, 
1996; Buatois et al., 1998d, 2002b; Pemberton et al., 2001, 
2004; Carmona et ah, 2006). At present, ichnological aspects 
are currently covered in sequence-stratigraphic textbooks 
(e.g. Catuneanu, 2006). The aim of this chapter is to provide 
a detailed review of the applications of ichnology in sequence 
stratigraphy. Although a large part of this chapter deals with 
the recognition of discontinuity surfaces in marine siliciclastic 
successions, we will also cover other topics which are commonly 
overlooked in the literature. These include characterization of 
parasequences, parasequence sets, and systems tracts, but also 
the potential of trace fossils to address sequence-stratigraphic 
issues in carbonates and continental deposits. 

12.1 RECOGNITION OF DISCONTINUITY SURFACES 



Recognition of discontinuity surfaces is key to sequence stra- 
tigraphy (e.g. Posamentier and Allen, 1993; Catuneanu, 2006), 
and trace fossils have proven to be particularly useful in this 
respect (MacEachern et al., 1992; Pemberton et al., 2001, 



2004). Identification of these stratal surfaces highlights allo- 
genic processes, which are external to the depositional system, 
as opposite to autogenic processes, which are internal to the 
depositional system and lead to the accumulation of environ- 
mentally related facies successions. By identifying trace-fossil 
suites in hard, firm, and xylic substrates of siliciclastic succes- 
sions, allostratigraphic surfaces can be identified. The recogni- 
tion of substrate-controlled ichnofacies, such as Glossifungites, 
Trypanites, and Teredolites, is critical in identifying stratigraphic 
discontinuities. 

Of the above three ichnofacies, the Glossifungites ichnofacies has 
been the most intensively used in sequence stratigraphy (Fig. 12.1). 
The Glossifungites ichnofacies develops in firm (but unlithified) 
substrates. In siliciclastic sediments, dehydration is the result of 
burial and substrates become available for colonization by organ- 
isms if exhumed by subsequent erosion (MacEachern et al, 1992) 
(Fig. 12.2a-b). For carbonates, occurrence of the Glossifungites 
ichnofacies is not necessarily indicative of erosive exhumation 
because early diagenetic processes may take place at the water- 
sediment interface (e.g. Bromley, 1975; Mangano and Buatois, 1991). 

The elements of substrate-controlled ichnofacies typically cut 
across a pre-existing softground suite (Fig. 12.2c). Therefore, 
they reflect new conditions which commonly do not coincide 
with those controlling early deposition. Thus, the substrate- 
controlled association develops during a hiatus between the ero- 
sive event (which exhumed the substrate) and the deposition of 
the overlying unit. During such periods of time, the dehydrated 
and/or cemented bed is colonized by organisms (MacEachern 
et al, 1992). The Glossifungites ichnofacies is generally easy 
to identify in cores, and is preserved in lithological interfaces 
(typically mudstone overlain by sandstone or conglomerate). In 
these cases, sharply defined, unlined wall burrows occur in fine- 
grained sediments and are passively filled by coarser material 
from the overlying bed. However, the Glossifungites ichnofacies 
may also occur in sandstone (e.g. Pemberton et ah, 2004). 
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Formation of the GlossifungUes ichnofacies 





Colonization during 
depositional hiatus 



Deposition and 
passive fill 



1 2 

Burial Erosional exhumation 



Figure 12.1 Origin of the Glossi- 
fungites ichnofacies. Modified from 
MacEachern et al. (1992). 




Figure 12.2 Formation of the 
Glossifungites ichnofacies in ero- 
sional discontinuities, Holocene, 
Willapa Bay, Washington, United 
States, (a) General view of trans- 
gressive-lag deposits overlying inter- 
tidal-channel deposits with inclined 
heterolithic stratification (note sur- 
faces gently dipping towards the 
right). Thalassinoides penetrates into 
the heterolithic deposits from the ero- 
sive surface. Pen (lower right) is 1 6 cm. 

(b) Close-up showing firmground 
Thalassinoides passively filled with 
shell fragments from the overlying 
transgressive lag. Lens cap is 5.5 cm. 

(c) Firmground burrows overprinted 
to a poorly defined softground back- 
ground trace-fossil suite. Lens cap is 
5.5 cm. See Gingras et al. (2001) for 
additional information. 
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Figure 12.3 Sequence-stratigraphic significance of the Glossifungites ichnofacies and associated softground ichnofacies. LST = lowstand systems tract, TST 
= transgressive systems tract, HST = highstand systems tract, SB = sequence boundary, FS/SB = flooding surface/sequence boundary, TS = transgressive sur- 
face, DS = drowning surface, BS = bayline surface, MFS = maximum flooding surface, 5fc-IF = Skolithos ichnofacies, O-IF = Cruziana ichnofacies, iCrISk-lF 
= mixed impoverished Cruziana! Skolithos ichnofacies, Zo-IF = Zoophycos ichnofacies, 7Ve-IF = Nereites ichnofacies, G/-IF = Glossifungites ichnofacies, Gil 
Tr-\¥ = Glossifungites or Trypanites ichnofacies, 5c-IF = Scoyenia ichnofacies, Co/Ce/Te-IF = Coprinisphaera, Cellifornm, or Termitichnus ichnofacies. 



Whereas identifying substrate-controlled ichnofacies results 
in the recognition of an erosional discontinuity, an accurate 
interpretation of such surfaces requires the detailed analysis 
of the soft substrate trace-fossil assemblages occurring in the 
underlying and overlying units (Fig. 12.3) (MacEachern et al., 
1992; Pemberton et al., 2004). Recognition of vertical changes 
in softground ichnofaunas allows interpretation of the type or 
types of sea-level fluctuations involved. Stratigraphic discon- 
tinuities can be divided into two major groups, erosional and 
non-erosional discontinuities. Most ichnological studies on 
sequence stratigraphy focus on the former group. 

12.2 EROSIONAL DISCONTINUITIES 



There are several available schemes for subdividing sedimentary 
packages into systems tracts and placing the sequence bound- 
ary (see Catuneanu, 2006). Here, we adopt a model that con- 
siders four systems tracts (lowstand, transgressive, highstand, 
and falling stage) and places the sequence boundary at the base 
of the lowstand systems tract (Flint and Nummedal, 2000). 
Erosional discontinuities are subdivided into regressive surfaces 
of marine erosion, lowstand surfaces of erosion, transgressive 
surfaces of erosion, and co-planar surfaces of lowstand erosion 



and transgressive erosion, also known as flooding surfaces/ 
sequence boundaries or FS/SB (Pemberton et al., 1992b; 2004; 
MacEachern et al, 1992). 

12.2.1 REGRESSIVE SUREACES OE MARINE EROSION 

The regressive surface of marine erosion is formed due to wave 
scouring during relative sea-level fall associated with forced 
regression (Flint and Nummedal, 2000). Forced regressions 
represent the rapid seaward migration of shoreline and near- 
shore deposits in response to a relative sea-level fall (Flint, 1988; 
Posamentier et ah, 1992). Forced-regression strata are included 
in the falling stage systems tract (Flint and Nummedal, 2000). 
While normal regressions are generally characterized by a grad- 
ual progradation of the shoreline during stillstands or high- 
stands (Fig. 12.4a), forced regressions are abrupt and triggered 
by a drop in sea-level (Fig. 12.4b). In contrast to shorefaces 
formed during normal regressions, those incised during the fall- 
ing stage are fairly thin due to diminished accommodation space 
during sea-level fall (MacEachern et al., 1999a). Shoreface pro- 
gradation during forced regression occurs irrespective of sedi- 
ment supply (Catuneanu, 2006). 

During forced regressions, wave scouring leads to the exhu- 
mation of compacted and dewatered sediments, making a firm 




Trace fossils in sequence stratigraphy 



234 




PsJlonIchnus ichnofacin 



proximal 



-SkoUthoa ichnofactaa- 



dlstal 

f Cruziana ichnofacies — J 

proximal archatypal distal 



gradual onthora off a hora raptacamant of tofiground ichnofaclaa 




4 abrupt vartical 
I changa In 
I tofiground 
\ ichnofaclaa due 
to rapid ahatlowing 



c 





Ero«lv« thofvtoe* rvtrMi 



SB 

I 1 

Coprlitlaptiaara, Calllforma 
or Tarmldchnos Ichnofaclaa 



Glossifurtgitas ichnofaclaa 



vertical 
replacement by 
daaper-watar 
tofiground 
ichnofacies 



Glossifungites ichnofaclaa - 



Figure 12.4 Distinction between normal-regressive, and sharp-based (forced-regressive, lowstand, and transgressively incised) shorefaces. (a)Normal- 
regressiveshoreface(highstandsystemstract). Vertical softgroundichnofaciesreplacementisgradualduetoprogressiveshallowing.(b) Forced-regressive 
shoreface (falling stage systems tract) . Vertical softground ichnofacies replacement is abrupt due to rapid shallowing. The base of the forced-regressive 
shoreface is delineated by the Glossifungites ichnofacies. (c) Lowstand shoreface (lowstand systems tract) . Vertical softground ichnofacies replacement 
is abrupt due to rapid shallowing. The base of the lowstand shoreface is delineated by the Glossifungites ichnofacies. Cannibalization of the underlying 
forced-regressive shoreface is significant, (d) Transgressively incised shoreface (transgressive systems tract). Vertical softground ichnofacies reflects 
deepening due to transgression. The base of the transgressively incised shoreface is delineated by the Glossifungitesichnoiaciss,. Firmgroundcolonization 
is typically more extensive than in forced-regressive and lowstand shorefaces because of prolonged colonization windows during depositional hiatus. 
MFS = maximum flooding surface. SB = sequence boundary. RSME = regressive surface of marine erosion. FWWB = fairweather wave base. CC = 
correlative conformity. FS/SB = flooding surface/sequence boundary. Modified from MacEachern et al. (2007c). 



substrate available for the Glossifungites producers. Accordingly, 
the Glossifungites ichnofacies locally delineates the basal ero- 
sional surface of forced-regression packages (MacEachern et al., 
1992; Monaco, 1995; Pemberton and MacEachern, 1995; Buatols 
et al., 2002b). Colonization windows may be rather narrow, due 
to a short hiatus followed by rapid deposition. In contrast to 
shorefaces formed during normal regressions, those incised dur- 
ing forced regressions are fairly thin due to diminished accommo- 
dation space during sea-level fall (MacEachern et al., 1999a). 

Prograding shoreface successions form during normal regres- 
sions separated by periods of relative sea-level rise, and exhibit 
a gradual change in softground trace-fossil associations reflect- 
ing progressive shallowing (Pemberton et ah, 1992b; Pemberton 



and MacEachern, 1995). Conversely, falling-stage shorefaces are 
characterized by the abrupt occurrence of proximal ichnofaunas 
that sharply contrast with those of the underlying, more distal 
sediments (Pemberton and MacEachern, 1995). Typically, perva- 
sively bioturbated offshore-transition to offshore deposits, which 
contain a distal to archetypal Cruziana Ichnofacies, are sharply 
replaced by erosive-based, coarser-grained shoreface deposits 
containing the Skolithos or the proximal Cruziana ichnofacies. 

Mid-shelf and shelf-edge deltas can also form as a result of 
forced regression, and are included in the falling stage systems 
tract (Por^bski and Steel, 2006). Empirical data on the ichnol- 
ogy of these systems are not available yet. However, It would 
be reasonable to expect that due to forced progradation of the 
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delta elements of the distal Cruziana to Zoophycos ichnofacies 
are replaced by more proximal and depauperate ichnofaunas, as 
a response of combined shallowing and fluvial discharge. 

12.2.2 LOWSTAND SURFACES OF EROSION 

The lowstand surface of erosion is produced as a result of rela- 
tive sea-level fall. During sea-level fall, fluvially transported 
sediment by-passes the alluvial and coastal plain, eroding into 
the underlying older deposits. Sediment by-pass is associated 
either with incision of fluvial valleys, or formation of unin- 
cised fluvial channels (Posamentier, 2001). In any case, these 
processes result in the establishment of a subaerial uncon- 
formity that is regarded as a sequence boundary. Although 
erosion results in firmground development, no substrate-con- 
trolled ichnofacies occur at the base of incised fluvial valleys 
or unincised fluvial systems because of freshwater or terres- 
trial conditions (MacEachern et ah, 1992). However, because 
typically subaerial unconformities correspond to the largest 
stratigraphic hiatuses, paleosol development may be exten- 
sive and rooted horizons together with the Coprinisphaera, 
Celliforma, or Termitichnus ichnofacies may occur in inter- 
fluve areas (Buatois and Mangano, 2004a; Catuneanu, 2006). 

In addition, subaerial unconformities can be detected by look- 
ing not at the surfaces themselves, but at the changes of ichno- 
faunas throughout the interval analyzed. The typical example is 
the vertical replacement of elements of the Skolithos or Cruziana 
ichnofacies in highstand systems tract deposits by the Scoyenia 
ichnofacies in continental lowstand systems tract deposits. It 
should be noted, however, that in the absence of a sharp change 
in sedimentary facies and associated erosion, this change in 
ichnofaunas may simply result from normal progradation of the 
highstand systems tract and no sequence boundary is implied. 

The subaerial unconformity may extend basinwards into an 
erosional surface produced subaqueously during maximum low- 
stand. This surface is excavated prior to burial due to lowstand 
progradation, resulting in the incision of sharp-based lowstand 
shorefaces (Fig. 12.4c). In terms of their ichnological signatures, 
substrate-controlled ichnofacies, particularly the firmground 
Glossifungites ichnofacies, may be present at the base of low- 
stand surfaces (MacEachern et ai, 1992, 2007c; Pemberton 
et ah, 2004). However, because of rapid deposition after forma- 
tion of the erosive surface the colonization window may close 
relatively fast, preventing extensive excavation of the substrate. 

Lowstand shorefaces are difficult to distinguish from forced- 
regressive shorefaces. Both record rapid progradation and 
overlie erosional surfaces cut by wave erosion (MacEachern 
et al., 2007c). Another similarity with lowstand shorefaces is 
the abrupt occurrence of proximal ichnofaunas over more dis- 
tal ichnofaunas (Pemberton and MacEachern, 1995; Buatois 
et al., 2002b). However, falling-stage shorefaces are thinner 
than their lowstand counterparts because of reduced accom- 
modation space during falling sea level (Mellere and Steel, 
1995; Catuneanu, 2006; MacEachern et al., 2007c). As recently 
discussed by MacEachern et al. (2007c), one of the main dif- 
ferences between falling-stage and lowstand shorefaces resides 



in the lower preservation potential of the former. Because con- 
tinuing sea-level fall leads to the subaerial exposure of falling- 
stage shorefaces, cannibalization is quite intense. In addition, 
the correlative conformity of the regressive surface of erosion 
is unlikely to be preserved due to subsequent incision of the 
lowstand shoreface emplaced in a further seaward position. In 
basinal positions, lowstand shorefaces tend to be gradationally 
based and the sequence boundary passes into its correlative 
conformity. Because the lowstand shoreface lies in the most sea- 
ward position prior to the subsequent sea-level rise, the preser- 
vation potential of the sequence boundary, and the correlative 
conformity is high (MacEachern et al., 2007c). Shelf-edge deltas 
also form during lowstand (Por^bski and Steel, 2006), but the 
ichnology of these systems is still poorly understood. 

Sea-level fall also plays a major role in slope and basin settings 
either by shifting depocenters towards the shelf edge or by pro- 
ducing incisions of submarine canyons (Posamentier and Allen, 
1999; Posamentier and Kolia, 2003). In the case of incised sub- 
marine canyons, extensive firmground surfaces are formed dur- 
ing incision due to erosional exhumation of previously deposited 
sediment(MacEacherneta/., 1992). Surfaces associated toincised 
submarine canyons are typically delineated by the Glossifungites 
ichnofacies (e.g. Hayward, 1976; Anderson eta/., 2006) (Figs. 12.5a-b, 
and 12.6). Additional information is provided by the related 
softground ichnofaunas. Highstand systems tract deposits 
underlying the incision surface commonly contain elements of 
the Zoophycos ichnofacies that characterizes outer shelf to slope 
environments. Although a dominance of low-diversity suites 
of suspension feeders were originally considered as typical of 
canyon-fill deposits (Crimes, 1977), subsequent studies docu- 
mented more variability of biogenic structures (Pickerill, 1981). 
This is consistent with the relatively wide variability of submar- 
ine canyon-fill sediments. In general, those ichnofaunas present 
immediately above the unconformity may contain elements of 
the Zoophycos or Skolithos ichnofacies (Fig. 12.5c) depending 
of the energy levels involved in canyon filling. Alternatively, 
canyon deposits may be virtually unbioturbated as a result of 
rapid sedimentation (Pemberton et ah, 2004). 

12.2.3 TRANSGRESSIVE SURFACES OF EROSION 

Transgressive surfaces of erosion, also known as ravinement 
surfaces, are formed due to scouring by tides and waves during 
the landward shift of the shoreline (Cattaneo and Steel, 2003; 
Catuneanu, 2006). Commonly they mark the boundary between 
the lowstand systems tract and the transgressive systems tracts 
(Posamentier and Allen, 1999). However, they may also deline- 
ate parasequence boundaries formed under high-energy condi- 
tions (Pemberton et al., 1992b), representing within-trend facies 
contacts (Catuneanu, 2006). Typically, the ravinement sur- 
face is delineated by the firmground Glossifungites ichnofacies 
(MacEachern et al, 1992) (Figs. 12.4d, 12.7a-c, and 12.8a-c). 
In fact, the landward shift of the shoreline generates extensive 
erosion leading to widespread exhumation of the underlying 
marine, and marginal-marine deposits under brackish to fully 
marine conditions. Furthermore, because during transgressions 
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Figure 12.5 Ichnofaunas of low- 
stand surfaces of erosion in incised 
submarine canyons, Lower Miocene, 
Nihotopu and Tirikohua forma- 
tions, Bartrum Bay, New Zealand, 
(a) General view of the erosive con- 
tact between slope deposits of the 
Nihotopu Formation below and 
canyon-fill deposits of the Tirikohua 
Formation above. Elements of the 
firmground Glossifungites ichno- 
facies (arrows) penetrate into the 
slope deposits, and are passively 
infill by submarine-canyon very 
coarse- to coarse-grained sand. 
Scale bar is 5 cm. (b) Close-up of 
a firmground RInzocorallium speci- 
men with scratch marks. Scale bar 
is 1 cm. (c) Vertical specimens of 
Ophiomorpha (arrows) forming the 
high-energy softground suite of 
canyon-fill deposits. Scale bar is 5 
cm. See Flayward (1976). 



sediment is trapped in the most proximal positions, sedimentation 
rate is very low in nearshore to shelf areas, providing relatively 
eontinuous eolonization windows. As a eonsequenee, conditions 
for colonization by the Glossifungites producers are ideal dur- 
ing transgressions. Although the Glossifungites ichnofacies is the 
most common substrate-controlled ichnofacies in transgressive 
surfaces of erosion, the Trypanites and Teredolites ichnofacies 
may occur if hardgrounds and woodgrounds are formed, respec- 
tively. In particular, the ichnogenus Teredolites may occur in large 
densities in transgressive lags (Savrda, 1991a; Savrda et al, 1993). 
Continuous scouring during ravinement tends to concentrate logs 
bored with Teredolites that accumulate after erosion of forested 
coastal plains during flooding (Box 12.1). 

During transgressive retreat followed by a stillstand, sharp- 
based, incised shorefaces can be formed (Downing and Walker, 
1988; Pemberton and MacEachern, 1995; MacEachern et al., 
1998). Under these conditions a wave-ravinement surface, 
produced by wave scouring during transgression, is formed. 



Discerning between transgressively incised shorefaces, and 
forced-regression and lowstand shorefaces is difficult because 
tracemakers are subject to identical environmental param- 
eters in both settings (Pemberton and MacEachern, 1995). 
MacEachern et al. (1999a) noted that transgressively incised, 
and forced-regressive shorefaces may be distinguished on the 
basis of detailed analysis of the erosional extent of the basal 
discontinuity (Fig. 12.4d). The basal discontinuity of transgres- 
sively incised shorefaces remains erosional even seaward of fair- 
weather wave base during subsequent progradation because the 
surface was cut prior to stillstand progradation while sea level 
was considerably lower. In contrast, the basal discontinuity of 
forced-regressive shorefaces becomes non-erosional where over- 
lying facies are deposited below fair-weather wave base. 

Transgressive surfaces of erosion are also associated with 
abandonment of deltaic systems (Fig. 12.7b). In proximal posi- 
tions, alluvial and delta-plain deposits containing freshwater 
to brackish-water ichnofaunas are sharply replaced by more 
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Figure 12.6 Firmground Thalassinoides of the Glossifungites ichno- 
facies delineating the base of an incised submarine canyon, Lower 
Cretaceous, Brewster Sands, Vulcan Formation, Gorgonichnthys field. 
Northwest Shelf Australia. Core width is 10 cm. 

diverse ichnofaunas as a result of deepening. Ravinement sur- 
faces cut into floodplain, interdistributary-bay, and abandoned- 
channel fine-grained clastic deposits are commonly delineated 
by the Glossifungites ichnofacies, while coals are most likely 
penetrated by elements of the Teredolites ichnofacies (e.g. Dam, 
1990; Buatois et al., 2002a). In subaerial to paralic settings, the 
Glossifungites may truncate paleosols (e.g. Driese and Foreman, 
1991) (Fig. 12.7c). Towards distal positions, transgressive surfaces 
of erosion demarcated by the Glossifungites ichnofacies may dis- 
play extremely high densities and relatively high diversity of firm- 
ground burrows (e.g. Buatois, 1995; Buatois et al, 2002a). 

During shoreline transgression, tidal currents may scour 
the underlying sediments resulting in the formation of a tidal- 
ravinement surface. This surface is typical of estuarine settings 
and specifically occurs between the finer-grained deposits of 




Figure 12.7 Glossifungites ichnofacies in transgressive surfaces of ero- 
sion. (a) Fligh density of firmground Thalassinoides and Rhizocorallium 
in a ravinement surface. Burrows are filled with coarse- and very coarse- 
grained sand and shell fragments from the overlying transgressive deposit. 
Oligocene, Los Jabillos Formation, Orocual Field, Eastern Venezuela 
Basin. Core width is 6.5 cm. (b) High density of Thalassinoides in a 
ravinement surface associated with delta abandonment. Burrow systems 
penetrate into underlying interdistributary-bay deposits, and are filled 
with coarse- and very coarse-grained sand and shell fragments from 
the overlying transgressive deposits. Lower to Middle Miocene, Oficina 
Formation, Oritupano Field, Eastern Venezuela Basin. Core width is 
9 cm. (c) Firmground Thalassinoides (Tit) penetrating from transgres- 
sive deposits above into a paleosol below. Note root trace fossils (Rt) in 
paleosol. Lower Miocene, Naricual Formation, El Furrial Field, Eastern 
Venezuela Basin. Core width is 9 cm. 



the estuary basin and the sandy deposits of the estuary-mouth 
complex (Allen and Posamentier, 1993) (Fig. 12.10). Another 
transgressive surface in estuarine settings, specifically in those 
that are wave-dominated, is the wave ravinement surface (Zaitlin 
et al., 1994). This surface separates the overlying transgressive 
shoreface from the underlying estuary-mouth-deposits (Fig. 
12.10). The tidal- and wave-ravinement surfaces do not represent 
boundaries between different systems tracts but occur within the 
transgressive systems tract. The firmground Glossifungites ichno- 
facies is extremely common in both tidal- and wave-ravinement 
surfaces (MacFachern and Pemberton, 1994). 
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Figure 12.8 Ravinementsurfacesdelin- 
eated by finnground Thalassinoides suites 
of the Glossifungites ichnofacies. (a) The 
surface separates estuarine basin depos- 
its below from sandy-channel depos- 
its above. Upper Cretaceous, Desert 
Member, Blackhawk Formation, 
Book Cliffs, Utah, United States, 
(b) Close-up of firmground burrows 
shown in (a), (c) Transgressive deposits 
with thick shell lag overlying delta-plain 
deposits. Middle to Upper Miocene, 
Urumaco Formation, Urumaco 
River, northwestern Venezuela. Scale 
bar is 30 cm. 



12.2.4 CO-PLANAR SURFACES OF LOWSTAND 
EROSION AND TRANSGRESSIVE EROSION 

Co-planar surfaces of lowstand erosion and transgressive ero- 
sion occur when the fluvially cut, subaerial unconformity is 
modified during subsequent transgression, and no fluvial depos- 
its are preserved above the surface (Pemberton et al., 1992b). 
Co-planar surfaces represent sequence boundaries that are 
overlain not by lowstand systems tract deposits, but by trans- 
gressive systems tract deposits. The most common occurrence 
of co-planar surfaces is associated with incised estuarine val- 
leys (Figs. 12.9, 12.10, and 12.11a-d). In incised valleys, fluvial 



deposits tend to accumulate along the valley axis during a late 
phase of sea-level fall, and are part of the lowstand systems 
tract. During the subsequent transgression, the downstream 
portion of incised valleys is converted into estuaries (Zaitlin 
et al., 1994). Estuarine deposits showing varying degrees of 
tidal influence tend to accumulate along the valley axis, but also 
onlap the interfluves where they mantled a co-planar surface of 
lowstand and transgressive erosion. 

Co-planar surfaces are commonly delineated by a whole 
array of substrate-controlled ichnofacies, with the Glossifungites 
ichnofacies being the most common of all (MacEachern and 
Pemberton, 1994). MacEachern et al. (1992) suggested that the 
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Box 12.1 Teredolites and sea-level changes 

Studies in the Lower Paleocene Clayton Formation of Alabama have demonstrated the utility of the wood bivalve boring 
Teredolites in delineating transgressive systems tracts (TST) (Fig. 12.9). The Clayton Formation contains a thin (approximately 
1.5 m) TST interval bounded at the top by a condensed section. Teredolites is present in high densities in logs forming a trans- 
gressive lag at the base of the TST interval. This accumulation results from an influx pulse of wood fragments from flooded 
forested coastal plains into marginal-marine and shallow-marine areas, and concentration of logs due to continuous scouring 
during ravinement. A second concentration of drifted bored logs occurs in the condensed section, marking the maximum flood- 
ing surface formed under conditions of sediment starvation. In addition, four preservational styles in Teredolites log-grounds 
have been recognized: well-preserved log-grounds, relict log-grounds, ghost log-grounds, and reworked Teredolites. All four pres- 
ervational styles are present in the transgressive lag, albeit with different abundances and commonly showing patchy distribu- 
tion. Only ghost log-grounds are present in the condensed section. Biochemical degradation is highest in the ghost log-grounds 
as a result of reduced sedimentation rates. Similar patterns in Teredolites distribution to those detected originally in the Clayton 
Formation have subsequently been recognized in other regions of the United States Gulf coastal plain and elsewhere. 

References: Savrda (1991a); Savrda et al. (1993). 
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Figure 12.9 Relationships between Teredolites and sea-level changes, (a) During lowstand, influx of xylic substrates is low. (b) During the initial trans- 
gression, influx of xylic substrates increases due to continuous scouring during transgressive ravinement across forested coastal plains, and logs become 
abundant in the water column, (c) Dense concentrations of wood fragments with Teredolites accumulate forming transgressive lags, (d) Condensed 
sections form during maximum flooding. These are characterized by ghost log-grounds that have suffered intense biodegradation (modified from 
Savrda e/ a/., 1993). 
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Figure 12.10 Ichnology of incised- 
valley systems. Modified from 
MacEachern and Pemberton (1994) 
and Buatois et al. (1998d). Valley 
segments based on Zaitlin et al. 
(1994). Segment 1 extends from the 
most seaward extent of valley inci- 
sion, near the lowstand mouth of 
the incised valley, to the point where 
the shoreline stabilizes at the begin- 
ning of highstand progradation. 
Segment 2 lies between the inner 
end of segment 1 (i.e. the initial 
highstand shoreline) and the estu- 
arine limit (i.e. the landward limit of 
recorded tidal influence) at the time 
of maximum flooding. Segment 3 
is located in the innermost region 
of the valley, lying landward of the 
transgressive marine-estuarine limit, 
but it is still influenced by changes 
in base level associated with relative 
sea-level change. The Glossifungites 
ichnofacies occurs at multiple lev- 
els, delineating flooding surfaces/ 
sequence boundaries, tidal-ravine- 
ment surfaces, and wave-ravinement 
surfaces. Note that this ichnofacies 
is not present if the sequence bound- 
ary is coincident with the base of 
lowstand fluvial deposit. LST = 
lowstand systems tract. TST = 
transgressive systems tract, HST 
= highstand systems tract, SB = 
sequence boundary, FS/SB = flood- 
ing surface/sequence boundary, TS 
= transgressive surface, BS = bayline 
surface, UBFS = upper-bay flood- 
ing surface, TRS = tidal-ravinement 
surface, WRS = wave-ravinement 
surface, MFS = maximum flooding 
surface. 



distribution of the Glossifungites ichnofacies along the base of 
the valley may be useful to delineate the maximum landward limit 
of marine influence in the incised valley during initial deposition. 
This distribution results from the fact that the Glossifungites pro- 
ducers cannot colonize under freshwater conditions. Accordingly, 
the ichnofacies is not developed at the base of the lowstand sys- 
tems tract (Savrda, 1991b). Carmona et al. (2006, 2007) noted 
that careful evaluation of the ichnological content, truncation of 
trace fossils, and the relationship between firmground biogenic 



structures commonly indicates a complex history for co-planar 
surfaces, suggesting successive events of ravinement erosion and 
benthic colonization during the transgression. 

Bored substrates are also common along co-planar surfaces, 
particularly where rocky shorelines and cliffs are transgressed. 
The Trypanites ichnofacies occurs in such settings (Gibert and 
Martinell, 1992, 1993, 1996; Martinell and Domenech, 1995). 
Uchman et al. (2002) noted that as transgression progresses 
different suites of bioeroders are emplaced in the discontinuity 
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Figure 12.11 Glossifungites ichnofacies in a valley-incision surface, Upper 
Cretaceous, Magallanes Formation, Austral Basin, Patagonia, Argentina, 
(a) Sparsely bioturbated incised valley-fill deposits with a depauperate 
Cruziana ichnofacies sharply replace lower-offshore deposits with an 
archetypal to distal Cruziana ichnofacies. Core is read from base at lower 
right to top at upper left, (b) Close-up showing firmground Thalassinoides 
(Th) of the Glossifungites ichnofacies at the incision surface, (c) Close-up 
of intensely bioturbated lower-offshore deposits. Evenly distributed 
Phycosiphon (Ph) cross-cut by Asterosoma (^j). Chondrites (Ch) and 
deep Teichichnus (Te). Note thick wall in “Terebellina (Tb)”. (d) Close-up 
of sparsely bioturbated incised valley-fill deposits. Small Planolites (PI) 
occurs in mud drapes. Core widths are 10 cm. 



as a result of a decrease in light and energy that parallels an 
increase in water depth. In their example, the polychaete bor- 
ing Caulostrepsis was emplaced with water depths of less 
than 2 m and subsequently overprinted by the bivalve bor- 
ing Gastrochaenolites when the water depth reaches approxi- 
mately 10 m. Finally, the sponge boring Entohia cross-cuts 
the other ichnofossils in water depths of a few tens of meters. 
Therefore, assemblages in these co-planar surfaces represent 
the work of several overprinted communities. 

12.3 NON-EROSIONAL DISCONTINUITIES 



Other surfaces of importance in sequence stratigraphy are not 
erosive in nature and, therefore, lack substrate-controlled ichno- 
facies if they are formed in siliciclastic sediments. Non-erosional 
discontinuities developed in carbonates are much more complex 
and will be addressed below. Three main situations can be rec- 
ognized: low-energy drowning surfaces, low-energy flooding 
surfaces and maximum flooding surfaces. 

Low-energy drowning surfaces separate deeper-water 
deposits resting on shallower-water strata (Posamentier and 
Allen, 1999). These surfaces are characterized by a verti- 
cal change in softground trace-fossils assemblages reflect- 
ing that deepening trend (e.g. Taylor and Gawthorpe, 1993). 
Examples include foreshore or upper-shoreface sandstone 
with a Skolithos ichnofacies that is sharply replaced by off- 
shore or offshore-transition mudstone having a proximal to 
archetypal Cruziana ichnofacies. This same surface is repre- 
sented seaward by offshore mudstone with a Cruziana ichno- 
facies replaced by shelf deposits containing a distal Cruziana 
ichnofacies or a Zoophycos ichnofacies. 

Low-energy flooding surfaces separate subaerially exposed 
sediments from overlying subaqueous deposits as a result of 
a rise in base level (Posamentier and Allen, 1999). Flooding 
surfaces represent a special category of drowning surfaces and, 
in actuality, they are the landward extension of the drowning 
surface. These surfaces can be recognized by a vertical change 
in softground trace-fossil assemblages that reflect inundation 
of the substrate (e.g. Taylor and Gawthorpe, 1993). A typical 
situation is the vertical passage from alluvial or coastal-plain 
deposits containing the Scoyenia ichnofacies or paleosol trace- 
fossil assemblages to nearshore deposits hosting marine or 
brackish-water ichnofacies. 

Maximum flooding surfaces refer to the surface of deposition 
at the time the shoreline is at its maximum landward position 
and, therefore, separates the transgressive from the highstand 
systems tract (Posamentier and Allen, 1999). Because during 
maximum transgression coastal depocenters are located at their 
maximum landward position, slow sedimentation occurs in the 
offshore and shelf As a result, maximum flooding is charac- 
terized by a condensed section representing thin deposits that 
accumulate during long periods of time (Loutit et al., 1988). 
The ichnological signatures of maximum flooding surfaces have 
not been explored in detail. However, it is well known that these 
surfaces are commonly associated with oxygen-poor conditions. 
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Therefore, condensed sections commonly are unbioturbated or 
display suites that are typical of dysaerobic sediments (Savrda, 
1992; Pemberton et al., 1992b). Where transgressions are associ- 
ated with flooding of forested coastal plains, maximum flooding 
surfaces may be characterized by concentrations of logs with 
Teredolites that accumulate under sediment starvation (Savrda, 
1991a; Savrda et ai, 1993, 2005) (Box 12.1). 

12.4 CHARACTERIZATION OF PARASEQUENCES 



In addition, recognizing changes in ichnofaunal content across a 
succession may help to identify parasequences. A parasequence 
is a shallowing-upward succession bounded by marine flooding 
or drowning surfaces (Van Wagoner et ai, 1990). The concept is 
particularly useful for the study of shallow-marine successions 
and, less commonly, lake systems, but its application to the 
study of alluvial and deep-marine strata is not recommended 
(Posamentier and Allen, 1999). The use of ichnology to delin- 
eate parasequences is based on the fact that trace-fossil asso- 
ciations are excellent indicators of environmental conditions 
that generally change according to a bathymetric gradient. In 
parasequences of clastic shallow-marine settings, two situations 
must be considered depending on the predominant depositional 
process: wave-dominated coasts and tide-dominated coasts. A 
third type of parasequence is generated in deltaic systems. Little 
is known about the architecture, grain-size vertical trends, and 
trace-fossil distribution in parasequences formed in mixed tide- 
and wave-dominated systems. However, preliminary informa- 
tion from modern environments (see Section 7.3) suggests that 
tidal beaches may show parasequences that are very similar to 
those of wave-dominated shallow-marine settings, while parase- 
quences in wave-dominated tidal flats may display much more 
similarity to those of tide-dominated shorelines, particularly if 
inner mud-flat zones are developed. 

I2.4.I WAVE-DOMINATED PARASEQUENCES 

A wave-dominated parasequence coarsens and thickens upward, 
recording shoreline progradation (Van Wagoner et ah, 1990). In 
terms of assoeiated environmental factors, each parasequence 
reflects a progressive upward increase in hydrodynamic energy, 
degree of oxygenation, sand eontent, amount of organic par- 
ticles in suspension, and mobility of the substrate that control 
the vertical distribution of trace fossils (Pemberton et ah, 1992c; 
Mangano et ai, 2002a, 2005a). Parasequences in wave-dominated 
strandplain environments pass gradually, from base to top, from 
a distal Cruziana ichnofacies in the lower offshore, an arehetypal 
Cruziana ichnofacies in the upper offshore to offshore transi- 
tion, a proximal Cruziana iehnofacies that is partially combined 
with a Skolithos ichnofacies in the lower shoreface, a Skolithos 
ichnofacies from the middle shoreface to the foreshore, and a 
Psilonichnus iehnofacies aeross the backshore (MacEachern 
and Pemberton, 1992; MacEachern et al., 1999a; Mangano 
et al., 2002a, 2005a). It should be noted, however, that this 
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ideal parasequence is the exception rather than the rule because 
not all subenvironments are represented in each parasequence. 
This environmental zonation is based on the characteristics of 
the resident ichnofauna, and the displacement of the Skolithos 
ichnofacies towards more distal parts in response to storm events 
(Pemberton and MacEachern, 1997) renders it complicated. 

12.4.2 TIDE-DOMINATED PARASEQUENCES 

Less attention has been focused on tide-dominated par- 
asequences, and several problems have arisen as a result of 
arbitrarily extrapolating the wave-dominated model to envi- 
ronments where tide is the driving process. A tide-dominated 
parasequence fines and thins upward, recording tidal-flat pro- 
gradation (Van Wagoner et al., 1990). The energy peak is in the 
deeper-subtidal zone rather than in intertidal areas. Therefore, 
each parasequence reflects an upward decrease in hydro- 
dynamic energy, degree of oxygenation, sand content, amount 
of organic particles in suspension, and substrate mobility. 
Vertical ichnofacies replacement in a tide-dominated parase- 
quence is just the opposite to that of a wave-dominated parase- 
quence (Mangano et al., 2002a, 2005a; Mangano and Buatois, 
2004a). A typical tide-dominated parasequence begins with 
non-bioturbated sandstone accumulating in subtidal-sandbar 
and dune complexes which upwards may contain colonization 
surfaces with low-diversity assemblages of the Skolithos ichno- 
facies. Lower-intertidal sand-flat deposits containing a mixture 
of elements from the Skolithos and Cruziana ichnofacies occur 
above. The Cruziana ichnofacies gets increasingly important 
to the point of becoming predominant in mixed intertidal flat, 
despite the fact that ichnodiversity is not necessarily high. 
The upper part of the parasequence generally involves mud- 
stone deposits containing root trace fossils and elements of the 
Psilonichnus ichnofacies. Ichnofacies zonation depends largely 
on tidal regime (Mangano and Buatois, 2004a). In high-en- 
ergy systems, lower-intertidal sectors tend to be dominated by 
elements of the Skolithos ichnofacies, which turn out to be 
similar to subtidal deposits from the ichnological viewpoint. 
In contrast, under lower-energy conditions, lower-intertidal 
zones are dominated by the Cruziana ichnofacies. 

12.4.3 DELTAIC PARASEQUENCES 

Deltaic parasequences are highly variable, depending on 
the dominant process operating (waves, tides, and fluvial). 
Parasequences can be particularly delineated in the prodelta 
to delta front. Recognition of parasequences in the delta plain 
remains a contentious issue (Posamentier and Allen, 1999). In 
addition, shallowing-upward successions apparently limited by 
flooding surfaces may be produced by deltaic-lobe switching 
rather than by true allogenic processes, such as sea-level change 
(e.g. Tornqvist et al., 1996). Little is known about trace-fossil 
distribution in parasequences formed in tide-dominated deltas 
and our discussion is, therefore, focused on parasequences from 
wave- and river-dominated deltas. 
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Parasequences from wave-dominated deltas are similar 
to those formed in wave-dominated, non-deltaic shorelines 
because wave energy tends to buffer fluvial effects (MacEachern 
et al., 2005). As in strandplain parasequences, a wave-domi- 
nated parasequence coarsens and thickens upward, recording 
delta progradation (Van Wagoner et al, 1990). Parasequences 
formed in these settings pass gradually, from base to top, from 
a distal Cruziana ichnofacies in the distal prodelta, an arche- 
typal Cruziana ichnofacies in the proximal prodelta to distal 
delta front and a proximal Cruziana ichnofacies or Skolithos 
ichnofacies in the proximal delta front. However, subtle differ- 
ences can be detected. The Cruziana ichnofacies may be slightly 
impoverished with respect to its more fully marine bathymet- 
ric equivalents of strandplain parasequences. In addition, high 
concentration of silt and clay in the water column reduces 
the amount of suspension feeders, producing an anomalous 
Skolithos ichnofacies. 

Parasequences formed in river-dominated deltas also coarsen 
and thicken upward. In contrast to those from wave-dominated 
settings, river-induced stresses are more profound (MacEachern 
et al., 2005). Parasequences from river-dominated deltas pass 
gradually, from base to top, from a distal Cruziana ichnofacies 
in the distal prodelta, a depauperate Cruziana ichnofacies in the 
proximal prodelta to distal delta front and sparse indistinct bio- 
turbation, if any, in the proximal delta front. River discharge often 
results in dilution of marine salinity, resulting in impoverishment 
of the Cruziana ichnofacies. In addition, water turbidity is very 
high, resulting in the suppression of the Skolithos ichnofacies. 

12.5 DELINEATION OF PARASEQUENCE SETS AND 
SYSTEMS TRACTS 



Integrating ichnological evidence, and sedimentological and 
stratigraphic data, sedimentary successions at the parasequence- 
set scale can be characterized in order to detect transgressive 
and regressive trends, assisting in systems-tract recognition. In 
this respect, two situations will be addressed: progradational 
and retrogradational patterns. The former is illustrated by either 
prograding deltas or strandplains and the latter by transgressive 
estuarine valley fill. 

12.5.1 PROGRADATIONAL PATTERNS 

Because deltas are, by definition, progradational, deltaic parase- 
quences tend to stack forming progradational parasequence sets. 
Ichnofaunas are generally indicative of vertical replacement of 
forms which are typical of alternating normal or nearly normal 
salinity and brackish-water environments across the prodelta 
and delta front by forms adapted to brackish-water across the 
delta plain. As discussed above, whether deltas are river-, tide-, 
or wave-dominated results in great variations in ichnofossil con- 
tent. The top of the parasequence set may even exhibit biogenic 
structures resulting from freshwater fauna living in water bodies 
across deltaic plains or in distributary streams. 



12.5.2 RETROGRADATIONAL PATTERNS 

In contrast to deltaic and strandplain successions, however, 
identification of parasequences in incised valleys is not straight- 
forward (Posamentier and Allen, 1999). In any case, successions 
recording an estuarine valley fill typically show a clear retro- 
gradational trend that illustrates transgressive stratigraphy (Fig. 
12.10). The estuarine valley incision surface is carved during a 
sea-level fall but the valley fill corresponds mostly to the subse- 
quent transgressive phase (Zaitlineta/., 1994). Lowstand-fluvial 
deposits may even be preserved along the valley axis above the 
basal incision surface. These deposits commonly exhibit limited 
bioturbation, resulting from the activity of freshwater biotas or, 
more commonly, are devoid of biogenic structures. 

According to Dalrymple et al. (1992), the onset of estuarine 
deposition is indicated by the lowest occurrence of sandstone 
with clay drapes of tidal origin, which therefore can be used 
to detect the boundary between the lowstand systems tract and 
the transgressive systems tract. The surface separating these two 
systems tracts within incised valleys is referred to as the bayline 
surface (Thomas and Anderson, 1994) (Fig. 12.10). Substrate- 
controlled ichnofacies delineate the valley incision surface where 
basal fluvial-lowstand deposits do not separate the sequence 
boundary from the initial flooding surface (Savrda, 1991b). 
Estuarine valley fill deposits overlying the bayline surface along 
the valley axis or the incision surface towards the valley mar- 
gins contain an impoverished ichnofauna characterized by a 
mixture of the Skolithos and Cruziana ichnofacies (Pemberton 
and Wightman, 1992; MacEachern and Pemberton, 1994) (Fig. 
12.10). This depauperate ichnofauna records the activity of an 
opportunistic community developed under stressful conditions 
in a brackish-water estuarine setting. 

Another surface present within incised valleys is the upper- 
bay flooding surface, which separates sandy upper-estuary 
deposits from overlying finer-grained facies of the estuary basin 
(Thomas and Anderson, 1994). The passage from upper-estuary 
into lower-energy estuary-basin deposits is usually paralleled by 
a slight increase in ichnodiversity. Upward into the sequence, 
estuary-basin deposits are separated from the estuary-mouth 
complex by the tidal-ravinement surface. Due to tidal scour- 
ing, this surface commonly hosts a Glossifungites ichnofacies 
(MacEachern and Pemberton, 1994) (Fig. 12.10). Because the 
estuary mouth commonly experiences near-marine salinity con- 
ditions, trace-fossil assemblages may be fairly diverse in this 
outer region of the incised valley (e.g. Buatois and Mangano, 
2003c). Overlying the estuary-mouth complex and underlying 
the transgressive shoreface, the wave-ravinement surface occurs. 
Above this surface, ichnofaunas are typically fully marine. 

A slight variation to this pattern may occur in the inner- 
most zone of macrotidal estuarine systems that are character- 
ized by arthropod-dominated, diverse assemblages (Buatois 
et al., 1997b). These ichnofaunas belong to mixed Scoyenia and 
Mermia ichnofacies, and tend to occur in the basal transgressive 
deposits immediately above the co-planar surface (Fig. 12.10). 
In this specific setting and at this particular stage of estuarine 
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valley evolution, freshwater conditions coexist with tidal influ- 
ence (Buatois et al., 1998d). As transgression proceeds, back- 
stepping brackish-water deposits accumulate. The ichnological 
signature of such a change in depositional conditions is reflected 
in the upward replacement of the mixed Scoyenia and Mermia 
ichnofacies by the mixed Skolithos and impoverished Cruziana 
ichnofacies. 

Overall, and in contrast with deltaic successions that typically 
display a vertical decrease in ichnodiversity due to an increased 
influence of fluvial proeesses, estuarine valley-fill successions 
show vertical passage of brackish-water ichnofaunas exhibit- 
ing increasing marine influenee into more diverse associations 
which are indicative of normal salinity (MacEachern and 
Pemberton, 1994; Buatois et ah, 1998d, 2002b). In compound 
valley systems, which record more that one cycle of relative 
sea-level change, the ichnological record is more complex and 
more diverse climax and depauperate opportunistic trace-fossil 
assemblages tend to alternate as a result of reincision. 

12.6 CARBONATE SEQUENCE STRATIGRAPHY 



Comparatively little is known with respect to the sequence- 
stratigraphic significance of trace fossil in carbonates. 
Carbonate sequence stratigraphy shows significant departures 
with respect to its siliciclastic equivalent (Bosence and Wilson, 
2003; Schlager, 2005; Catuneanu, 2006). Most of these differ- 
ences stem from the fact that carbonates are produced within 
the basin itself in the so-called “earbonate factory”. Carbonate 
production is directly proportional to the area of flooded plat- 
form top. Accordingly, sediment availability in carbonate sys- 
tems shows an opposite trend to that of siliciclastie systems. 
While in siliciclastic systems there is an increased in sediment 
supply during lowstands and sediment starvation characterizes 
transgressions, in carbonate systems carbonate faetories achieve 
their maximum production during transgressions, but sea-level 
fall generates their shutdown. However, if the rise of sea level 
is very fast and the water depth exceeds the photic limit, car- 
bonate production is terminated and a drowning uneonformity 
is formed. During highstand, the volume of earbonate sedi- 
ment exceeding accommodation space is shed to the deep water 
(highstand shedding; see Bosenee and Wilson, 2003). 

A major departure with respect to siliciclastic substrate-con- 
trolled ichnofacies results from the fact that firmgrounds and 
hardgrounds can be formed in carbonates without erosional 
exhumation, simply as a result of early diagenetic changes in the 
substrate (Bromley, 1975). Consequently, the Glossifungites -dnA 
Trypanites ichnofacies can develop during periods of reduced 
depositional rates or breaks in sedimentation. While substrate- 
controlled ichnofacies in silicielastic settings are not typically 
associated with low-energy transgressive surfaces, the opposite 
is true in carbonate systems. Drowning unconformities may 
contain firmground and hardground suites. Surfaces contain- 
ing deep and widespread borings of the Trypanites ichnofacies 
may occur due to the shutdown of the carbonate factory during 
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rapid drowning. In addition, condensation may occur along 
maximum flooding surfaces in carbonate ramps, leading to the 
development of substrate-controlled ichnofacies. 

If sufficient time is involved, composite ichnofabrics show- 
ing progressive changes in substrate consistency are formed 
(Bromley, 1975; Frey and Bromley, 1985; Ekdale and Bromley, 
1991; Lewis and Ekdale, 1992). Omission surfaces and 
hardgrounds are eommonly associated. Omission surfaces are 
characterized by pre-omission, omission, and post-omission 
trace-fossil suites (Bromley, 1975, 1996). Pre- and post-omission 
suites contain softground assemblages, while the omission suite 
is characterized by the firmground Glossifungites iehnofacies. 
Because no cementation is involved in the formation of omis- 
sion surfaces, no hardground suites developed. Pre- and post- 
omission suites in hardgrounds also host softground suites. 
However, and in contrast to omission surfaces in firmgrounds, 
the omission suite in hardgrounds is subdivided into pre- and 
post-lithification suites (Bromley, 1975, 1996). The former hosts 
the Glossifungites iehnofacies, while the latter contains the 
Trypanites ichnofacies. The Trypanites suite typically cross-cuts 
the Glossifungites suite, resulting in palimpsest surfaces (e.g. 
Mangano and Buatois, 1991; Bertling, 1999). In some cases, 
these surfaces eontain bored shells that also reveal breaks in 
sedimentation (e.g. Martinius and Molenaar, 1991). 

In addition to these cases, substrate-controlled ichnofacies 
may also occur in erosional surfaces, and are commonly 
associated with rocky shorelines consisting of truncated 
limestone. Transgressive surfaces of erosion formed by wave 
ravinement of carbonate substrates contain the Glossifungites 
ichnofacies, commonly exhibiting high-density suites of 
firmground burrows (e.g. Rodriguez-Tovar et al., 2007). Well- 
known examples are also associated with eo-planar surfaces. 
During lowstands, carbonates dissolve and karstic surfaces 
develop under subaerial conditions. Calcareous paleosols 
may form, and display an iehnofauna dominated by nests 
of halictid bees, representing the Celliforma ichnofacies 
(Melchor et ah, 2002). During the subsequent transgression, 
karstic surfaces are colonized, and the Trypanites ichnofacies 
is the typical ichnofacies present (e.g. Pemberton et al., 1980; 
Hanken et al., 1996; Wilson et al., 1998). Some of these sur- 
faces may evidence a complex history of colonization, par- 
ticularly in reef systems (Fig. 12.12a-d). Shallow borings 
emplaced in the reef can be removed due to erosion during 
sea-level fall and only the deepest borings {Gastrochaenolites) 
are preserved. A second generation of borings oceurs on the 
same surface after the subsequent transgression (Wilson 
etal., 1998). 

Studies dealing with the ichnological characterization of ear- 
bonate parasequences are uncommon, but examples are known 
from tropical carbonates (Pemberton and Jones, 1988; Jones and 
Pemberton, 1989; Curran, 1992, 1994, 2007). Parasequences 
doeumented in modern and Quaternary Bahamian-type ear- 
bonates consists, from base to top, of: (1) shallow-subtidal 
eoral reef, eoral rubblestone, and calcarenite with borings of 
the Trypanites ichnofacies (e.g. Gastrochaenolites), and burrows 
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Figure 12.12 Substrate-controlled 
ichnofacies delineating a co-planar 
surface in carbonates. Pleistocene, 
Cockburn Town Member, Grotto 
Beach Formation, San Salvador 
Island, Bahamas, (a) Erosional sur- 
face sculpted in a coral reef Note 
the presence of the encrusting coral 
Diploria strigosa. Pencil (center left) 
is 16 cm. (b) Close-up of the ero- 
sional surface showing higli density of 
the bivalve boring Gastrochaenolites 
torpedo. Some of these borings are 
truncated, and only their bases are 
preserved. These borings represent 
colonization prior to erosion due to 
sea-level fall. Scale bar is 5 cm. (c) 
Gastrochaenolites torpedo (arrows) 
emplaced in the encrusting coral 
Acropora palmata. Scale bar is 3 cm. 
(d) Gastrochaenolites torpedo formed 
prior to the sea-level fall and filled 
with material derived from a terra 
rossa paleosol developed during 
the lowstand. Scale bar is 1 cm. See 
Wilson et al. (1998). 



of the SkoUthos ichnofacies (e.g. SkoUthos, Ophiomorpha), (2) 
lagoonal intertidal oolitic limestone with the mixed Skolithos- 
Cruziana ichnofacies, (3) beach-backshore calcarenite contain- 
ing the Psilonichnus ichnofacies, and (4) coastal eolian-dune 
calcarenite, and paleosols with insect and arachnid trace fossils 
(see Section 11.1.1). 

12.7 CONTINENTAL SEQUENCE STRATIGRAPHY 



In comparison with their marine counterparts, continental ich- 
nology has been less explored with respect to its utility in sequence 
stratigraphy, and trace fossils are undoubtedly still underutilized 
in this field. Application of ichnology in continental sequence 
stratigraphy cannot be simply based on the extrapolation of 
marine sequence stratigraphy and a modified conceptual frame- 
work should be adopted (Buatois and Mangano, 2004a, 2007, 
2009a). While substrate-controlled ichnofacies reflect erosive 
exhumation of the sediment in marine environments, this is 
rather unusual in continental settings. In continental succes- 
sions, substrate-controlled ichnofacies are commonly related to 
firmgrounds that rapidly developed under subaerial exposure by 
autogenic processes, without implying a significant hiatus (e.g. 
Fiirsich and Mayr, 1981; Zonneveld et al., 2006). 

12.7.1 LAKE BASINS 

Further problems result from the application of sequence- 
stratigraphic concepts in continental environments, particu- 
larly in the case of lacustrine systems. As noted by Bohacs et al. 
(2000), lacustrine systems differ from oceans in several ways. 



including the smaller volumes of sediment and water included 
in lakes, the direct link between lake level and sediment sup- 
ply, and the fact that shoreline migration may be due not only 
to progradation but also to withdrawal of water. Bohacs et al. 
(2000) recognized three different types of lake basins, over- 
filled, balanced-fill, and underfilled, providing a conceptual and 
practical framework to evaluate the potential of trace fossils in 
lacustrine sequence stratigraphy (Buatois and Mangano, 2004a, 
2007, 2009a) (Fig. 12.13). This framework has been also used to 
place changes in species diversity in modern and ancient lakes 
(Gierlowski-Kordesch and Park, 2004). 

OVERFILLED LAKES 

Overfilled-lake basins are formed when rate of sediment/water 
input exceeds potential accommodation (Bohacs et al., 2000). 
According to these authors, overfilled lakes are commonly 
hydrologically open, contain fluvio-lacustrine siliciclastic 
deposits and display parasequences driven mainly by shoreline 
progradation and delta-channel avulsion. Overfilled-lake basins 
contain well-developed softground trace fossils that are useful 
to delineate parasequences and parasequence sets (e.g. Buatois 
and Mangano, 1995c; Melchor et al., 2003; Melchor, 2004). 
Fluvial discharge into overfilled lakes commonly contributes to 
the formation of underflow currents that oxygenate lake bot- 
toms. These density currents allow epifaunal and infaunal com- 
munities to become established (Buatois and Mangano, 1998). 

In addition to being well oxygenated, overfilled lakes are 
typically freshwater and no stress due to hypersalinity occurs, 
leading to the development of a relatively diverse benthos. 
Shallowing-upward successions due to delta and shoreline 
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Figure 12.13 Trace-fossil assem- 
blages, environmental controls, and 
lacustrine sequence stratigraphy, 
(a) Overfilled lakes, (b) Balanced- 
fill lakes, (c) Underfilled lakes. 
Modified from Buatois and 
Mangano (2004a, 2009a) with 
stratal patterns illustrated after 
Bohacs et al. (2000). 



progradation are the rule (Fig. 12.14). Distal facies commonly 
consist of underflow-current and background-fallout deposits 
hosting the Mermia ichnofacies. Intermediate facies may con- 
tain wave-dominated delta-front and nearshore deposits, includ- 
ing storm-emplaced hummocky cross-stratified sandstone and 
fair-weather wave- and combined-flow ripple cross-laminated 
sandstone. Grazing trails of the Mermia iehnofacies may form 
eolonization suites at the top of storm beds in such settings. 
However, assemblages are commonly impoverished with respect 
to those of the more distal facies (Buatois and Mangano, 1998). 
Under conditions of moderate to high energy due to continu- 
ous wave aetion, the Skolithos ichnofacies tends to occur. More 
energetic, proximal facies, encompassing trough and tabular 



cross-bedded distributary-ehannel sandstone, are commonly 
unbioturbated. Locally, these deposits may contain escape trace 
fossils, and vertical domiciles of suspension feeders, represent- 
ing the Skolithos ichnofacies (e.g. Melehor et ah, 2003). 

In the case of deep overfilled lakes, extensive basin-floor tur- 
bidite systems are formed. Middle to distal regions of turbidite- 
lobe successions are characterized by the Mermia ichnofacies 
which may comprise both pre- and post-depositional suites 
in thin-bedded turbidite sandstone (e.g. Buatois et al., 1996b; 
Buatois and Mangano, 1998). Thick-bedded turbidites are typ- 
ically unbioturbated. Paleoenvironmental zonations in aggra- 
dational and progradational turbidite lobes can be established 
by integrating ichnological and sedimentologieal evidenee (e.g. 
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Figure 12.14 Trace-fossil distribu- 
tion in overfilled lake basins. Note 
the overwhelming dominance of 
softground suites and the progres- 
sive replacement of ichnofacies due 
to shallowing (after Buatois and 
Mangano, 2009a). 



Buatois and Mangano, 1995c; Buatois et al., 1996b). Organic 
matter in overfilled lakes is essentially derived from land plants, 
representing the prime source of nutrients and, therefore, favor- 
ing the development of a deposit-feeding benthic fauna in per- 
manently subaqueous, low-energy zones. Because such large 
lakes usually do not experience desiccation, firmground suites 
are rare, and only the softground suite of the Scoyenia ichno- 
facies is present. 

BALANCED-FILL LAKES 

Balanced-fill lake basins are characterized by rates of sedi- 
ment/water supply in balance with potential accommodation 
(Bohacs et al, 2000). Carbonate and siliciclastic facies accu- 
mulate in lakes that periodically shift from hydrologically open 
to closed and vice versa. In contrast to overfilled lakes, suc- 
cessions record not only progradational parasequences, but 



also aggradation of chemical sediments due to desiccation. 
Abundant firmground trace-fossil suites occur in balanced- 
fill lakes, but softground assemblages are usually depauperate 
(Fig. 12.15). During lowstands, shallow balanced-fill lakes are 
characterized by relatively thin aggradational parasequences 
due to desiccation (Bohacs et al, 2000). Due to pervasive des- 
iccation, lowstand deposits tend to host abundant and wide- 
spread ichnofaunas of the Scoyenia ichnofacies. In particular, 
the firmground suite of this ichnofacies, containing striated 
trace fossils, such as Scoyenia and Spongeliomorpha, is com- 
mon (e.g. Bromley and Asgaard, 1979; Gierlowski-Kordesch, 
1991; Metz, 1995; Clemensen et al, 1998). Biogenic structures 
are usually preserved during subsequent flooding by rapid 
influx of sand. 

During lowstands relatively thick aggradational parase- 
quence sets form in lake-floor turbidite systems if the balanced- 
fill lakes are of sufficient depth (Bohacs et al, 2000). Under 
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Figure 12.15 Trace-fossil distribu- 
tion in balanced-fill lake basins. Note 
the paucity of subaqueous suites and 
the common superimposition of 
softground and firmground suites in 
lake-margin deposits (after Buatois 
and Mangano, 2009a). 



these conditions, no firmground suites occur in the lowstand 
package. Lake hydrology is closed during lowstands and salinity 
usually increases (Bohacs et al., 2000), imposing a stress factor 
on the lake biota and, therefore, softground ichnofaunas are of 
low diversity if not absent at all. Ichnofaunas in thin-bedded 
turbidites of balanced-fill lakes are less abundant and diverse 
than those in turbidites of overfilled lakes (Buatois et ah, 1996b; 
Buatois and Mangano, 2007; Uchman et ah, 2007). 

Parasequences formed during transgressions are relatively 
thick and display retrogradational stacking patterns, while 
highstand parasequences are variable in thickness and are 
either aggradational or progradational (Bohacs et al., 2000). 
Freshwater conditions are common during transgression, but 
dysaerobic conditions may prevail, imparting a stress factor 
on lacustrine communities. Although trace fossils may occur 
locally in transgressive and highstand carbonates, ichnodiver- 
sity is low and trace fossils are produced by epifaunal rather 



than infaunal organisms, suggesting brief periods of oxygen- 
ated bottom waters, but permanently anoxic interstitial waters 
(e.g. Buatois et al, 2000). The depauperate Mermia ichnofacies 
is characteristic of these deposits. Further complications result 
from the low preservation potential of trace fossils in carbon- 
ates due to diagenetic alteration. Scarcity or even absence of bio- 
genic structures due to oxygen depletion may also be the rule in 
transgressive and highstand siliciclastic deposits of balanced-fill 
lakes (e.g. Olsen, 1989; Mangano et al., 1994, 2000; Metz, 1995). 
During highstand progradation of deltaic systems, elements of 
the Skolithos ichnofacies may occur in delta mouth-bar deposits 
(Bromley and Asgaard, 1979; Mangano et al., 1994, 2000). 

UNDERFILLED LAKES 

Underfilled-lake basins occur when rates of accommodation 
exceed rate of supply of sediment/water (Bohacs et al, 2000). In 
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Figure 12.16 Trace-fossil distribu- 
tion in underfilled lake basins. Note 
the typical absence of bioturbation 
in most of the subaqueous deposits 
as a result of hypersalinity. Instead 
of progressive replacement of 
(Corrunonhypersallnay; ichnofacies throughout the strati- 
graphic column, a complex overlap 
of suites characterizes the lake- 
margin interval reflecting omis- 
sion surfaces formed in response 
to desiccation (after Buatois and 
Mangano, 2009a). 



hydrologically closed lakes, deposition of evaporites dominates 
and parasequences record vertical aggradation. The Scoyenia 
ichnofacies is widespread in underfilled lake basins, but the 
Mermia ichnofacies is commonly absent (Fig. 12.16). Lowstand 
deposition is characterized by evaporite accumulation in remnant 
pools developed in the zones of maximum subsidence (Bohacs 
et al., 2000). Evaporite pools are very stressful environments and 
almost invariably lack biogenic structures. In the remaining zones, 
sediments that accumulated during the previous highstand experi- 
ence extreme desiccation during lowstand (Bohacs et al., 2000). 

The Scoyenia ichnofacies is associated with lowstand desic- 
cated substrates in underfilled lakes (e.g. Metz, 1996, 2000; 
Scott et al., 2007b). The density of arthropod trackways, as well 
as various trace fossils produced by insects, may be high, form- 
ing tracked omission surfaees (e.g. Zhang et al., 1998; Minter 
et ah, 2007b; Scott et al., 2007b; Bohacs et al., 2007). Extensive 
surfaces with high densities of tetrapod trackways or tracksites 
occur also (e.g. Farlow and Gallon, 2003; Szajna and Flartline, 
2003). Some of these omission surfaces may represent sequence 
boundaries expressed by co-planar surfaces of lowstand and 



subsequent flooding (Scott et al., 2009) (Box 12.2). Lake-level 
fluctuations, particularly in gently dipping lacustrine eoastal 
plains, are conducive to complex cross-cutting relationships 
due to trace-fossil suite overprinting, particularly where the sur- 
faces involve more than one transgressive-regressive cycle (Scott 
et ah, 2009). During pluvial periods, underfilled lakes experi- 
ence rapid expansion and flash floods reach the basin, leading 
to deposition of event sandstones. Trace-fossil preservation is 
mostly linked to rapid influx of sand via sheet floods entering 
into the lake (Zhang et al., 1998). 

Flypersalinity usually prevents the establishment of a sub- 
aqueous Mermia ichnofacies during transgression and high- 
stand. Flowever, elements of the Mermia ichnofacies may 
occur, albeit in reduced numbers, in very shallow-water thin 
deposits immediately above flooding surfaces at the base of 
parasequences. This assemblage is abruptly replaced upward 
by the Scoyenia ichnofaeies reflecting lake regression (Metz 
1996, 2000). Additionally, dwelling traces possibly produced by 
aquatic chironomid larvae may be present (Rodriguez- Aranda 
and Calvo, 1998; Uchman and Alvaro, 2000). 
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Box 12.2 Ichnological complexity of co-planar surfaces in underfilled lakes 

A set of interfingering Upper Pleistocene and Holocene exhumed surfaees in the underfilled saline Lake Bogoria of Kenya reveals 
a complex story of changes in lake level and environmental controls on biogenic structures through time. Ongoing exhumation of 
the surface near the present shoreline has reactivated the sediments as a substrate for animal and plant colonization. The modern 
environmental setting at Lake Bogoria is very similar to that of the preserved exhumed surfaces, favoring eomparisons on both 
sides of the fossilization barrier. These exhumed surfaces are amalgamated in places forming a co-planar surface that includes up 
to five suites of animal and plant traces, which are commonly overprinted forming palimpsest surfaces. Suite 1 includes the traees 
of chironomid larvae formed in subaqueous lacustrine environments. Suite 2 consists of flamingo traces formed at the shore- 
line. This suite is comparable to the Grallator ichnofacies. Suite 3 comprises trails (incipient Gordia isp. and Helminthoidichnites 
isp.) and burrows systems (incipient Labyrintichnus and Vagorichnus isp.). These were emplaced in relatively fresh, saturated 
to extremely shallow subaqueous substrates. This suite compares well with the Mermia ichnofacies. Suite 4 consists of sim- 
ple vertical (Skolithos ispp.), simple horizontal {Planolites isp.) and branched (incipient Vagorichnus isp. and Spongeliomorpha 
isp.) burrows, trackways (e.g. incipient Diplichnites, Diplopodichnus, and Siskemia), rhizoliths, and various vertebrate footprints 
including mainly birds and mammals. This suite is present at the lake margin and is associated with substrates of various degrees 
of consolidation, commonly near fresh and brackish water sources, including hot-springs and rivers. The striated burrows (i.e. 
Spongeliomorpha isp.) occur in drying, firmer, and slightly indurated substrates. This suite illustrates the Scoyenia ichnofacies, 
including both pre- and post-desiccation elements. Suite 5 contains termite (JTennitichnus isp.) and ant nests, simple burrows 
(Planolites isp., Palaeophycus isp.), meniscate trace fossils (IBeaconites isp., Taenidium isp.), and rhizoliths. This suite records col- 
onization in subaerially exposed substrates assoeiated with low water tables, and favors comparison with paleosol assemblages 
deseribed elsewhere. Suite overprinting of the exhumed surface reflects lake-level fluctuations. For example, in some areas the 
terrestrial suite 5 overprints the lake-margin suite 4 and the subaqueously emplaced suite 2 as a result of shoreline regression. 
Because the surface is active today, overprinting of the subaerial, shoreline, and subaqueous portions of the surfaces by animal 
and plant traces, representing the five suites recognized, is occurring in response to the various sets of environmental factors that 
control the lateral distribution of biogenic structures. The example from Lake Bogoria clearly illustrates the complexity of the 
ichnology of lacustrine co-planar surfaces and sheds new light onto the nature of continental ichnofacies. 

References: Scott et al. (2009). 



Transgressive systems tracts recorded by thin transgressive 
parasequences usually refleet drastic ichnofaunal changes, 
from terrestrial assemblages (Coprinisphaera or Celliforma 
ichnofacies) to transitional terrestrial-subaqueous assem- 
blages (Scoyenia ichnofacies) and salinity-tolerant subaqueous 
monospeeiflc assemblages of Beaconites filiformis attributed 
to chironomids (Uchman and Alvaro, 2000). Rapid changes 
in depositional conditions reflecting desiccation during verti- 
cal aggradation led to the formation of eomposite ichnofabries 
reflecting successive bioturbation events. 

12.7.2 ALLUVIAL PLAINS 

In alluvial settings, the sparse distribution of trace fossils pri- 
marily reflects changes in depositional systems which, in turn, 
may be linked to systems traets (Buatois and Mangano, 2004, 
2007). Widespread erosion, and high energy and sedimentation 
rates lead to channel amalgamation, and extensive reworking 
of fluvial deposits, preventing formation and/or preservation 
of biogenic structures in fluvial channels. As previously dis- 
eussed, interfluve areas are commonly characterized by rooted 
paleosols, and terrestrial inseet ichnofossils may oceur, particu- 
larly in late Mesozoic and Cenozoic strata (Genise et al, 2000, 
2004b; Genise, 2004). In particular, any of the various paleosol 
ichnofaeies may delineate sequence boundaries. 



Due to higher aceommodation during the late lowstand, 
increasingly isolated fluvial channels encased in overbank 
deposits tend to oecur, promoting preservation of biogenic 
structures. Eventually transgressive lacustrine and marsh 
deposits accumulate when rate of accommodation exceeds 
sediment supply (Legarreta et al, 1993; Posamentier and 
Allen, 1999). These changes may be paralleled by the pro- 
gressive replacement of vertical dwelling burrows, and 
escape trace fossils of the Skolithos ichnofacies in active 
ehannels by low-diversity assemblages of meniscate trace 
fossils in abandoned channels. Both the softground and 
firmground suites of the Scoyenia ichnofacies, and even the 
subaqueous Mermia ichnofaeies in overbank deposits and 
ponds may occur as a result of increased accommodation 
(Buatois and Mangano, 2004a, 2007). If, during transgres- 
sion the alluvial plain becomes affected by marine processes 
(e.g. tides), depauperate examples of the brackish-water 
Skolithos and Cruziana ichnofacies may occur. This situ- 
ation is not uncommon because tidal influenee and brackish- 
water conditions may extend for tens of kilometers inland 
(Shanley et al, 1992). This trend in ichnofacies replacement 
is reversed under inereased sediment supply, and decreased 
fluvial accommodation leading to deltaic progradation, and 
increased establishment of channel bodies during the subse- 
quent highstand. 
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Figure 12.17 Autogenic examples of the Glossifungites ichnofacies. (a) Erosionally based distributary-channel deposits upon fine-grained interdistribu- 
tary-bay deposits. The Glossifungites ichnofacies, represented by Rhizocorallium (arrow), occurs at the base of the channel delineating an autogenic 
firmground. Lower Miocene, Tacata Field, Eastern Venezuela Basin. See Buatois et al. (2008). Core width is 9 cm. (b) Thin-bedded turbidites. The ero- 
sive base is delineated by an autogenic Glossifungites ichnofacies, illustrated by Rhizocorallium (arrow), representing an autogenic firmground. Lower 
Miocene, La Blanquilla Basin, Offshore Venezuela. Core width is 6.5 cm. (c) Cross-section view of a firmground Diplocraterion penetrating from the base 
of a turbidite sandstone. Lower Oligocene, Sub-Cergowa Beds, Szczawa-Centrum, Outer Carpathians, Poland. See Uchman and Cieszkowski (2008b). 
(d) Bedding-plane view of several specimens of firmground Diplocraterion filled with coarser-grained sediment. Lower Oligocene, Sub-Cergowa Beds, 
Szczawa-Centrum, Outer Carpathians, Poland. See Uchman and Cieszkowski (2008c). Scale bar is 1 cm. 



12.8 EVALUATION OF THE MODELS 



Even its critics recognized that sequence stratigraphy rep- 
resents a revolution in sedimentary geology (Miall, 1995). 
Undoubtedly, the success of ichnology as a tool in sequenee 
stratigraphy records an expansion of the discipline, which has 
greatly enhanced its value to solve problems in sedimentary 
geology and basin analysis, particularly in the petroleum indus- 
try. However, a series of misconceptions surrounds the applica- 
tion of ichnology in this field. The widely accepted belief that 
the Glossifungites ichnofacies indicates sequence boundaries is 
somewhat surprising despite the fact that its true significance has 
been reiterated in several papers (e.g. MacEachern et al., 1999a). 
As discussed above, in siliciclastic successions the Glossifungites 
ichnofacies delineates not only sequence boundaries, but also 
other surfaces, such as transgressive surfaces of erosion. 

In addition, while erosional exhumation due to relative sea- 
level changes is commonly invoked to explain occurrences of 
substrate-controlled ichnofacies in siliciclastic rocks, some 
surfaces may be autogenic (e.g. Mcllroy, 2007b; Buatois et al., 
2008; Yang et al., 2009). As noted by MacEachern et al. (2007b), 
regional correlation of the surface is essential to recognize its 
allogenic nature. Allogenic surfaces tend to be regionally map- 
pable and separate genetically unrelated facies successions. 

Examples of autogenic surfaces in marginal- and shallow-ma- 
rine settings are known to be produced due to erosion along the 
base of estuarine, distributary (Fig. 12.17a) and tidal channels, 
as well as cut-bank margins of tidal channels and creeks (e.g. 



Gingras et al., 2000; MacEachern et al., 2007c; Buatois et al., 
2008). Autogenic tidal scouring is a common process in a wide 
variety of subenvironments within tide-dominated deltas, further 
complicating recognition of firmgrounds produced by relative 
sea-level changes (Willis, 2005). Widely distributed examples of 
the Glossifungites ichnofacies have been noted to be associated 
with autogenic erosion in tidal channels of tide-dominated del- 
tas (Mcllroy, 2007). The Glossifungites ichnofacies also occurs as 
result of intense erosion in the zone of maximum wave energy of 
wave-dominated tidal flats (Yang et al., 2009). More rarely, firm- 
ground surfaces can form even without erosion, during pauses in 
lateral accretion of tidal point bars (Bechtel et al., 1994). 

In the deep-marine realm, different types of currents, includ- 
ing bottom, oceanic and turbidity currents (Fig. 12.17b-d), may 
significantly scour the sea bottom, exposing previously bur- 
ied firmground sediment to colonization (Ozalas et al., 1994; 
Savrda et al., 2001; Wetzel et al., 2008). Particularly relevant 
is the increased recognition that deep Diplocraterion of the 
Glossifungites ichnofacies occur commonly at the base of turbid- 
ite channels penetrating into muddy sediment and indicating sig- 
nificant erosion and bypass of coarser-grained sediment (Gibert 
et al., 2001a, b; Hubbard and Shultz, 2008; Gerard and Bromley, 
2008; Uchman and Cieszkowski, 2008c). Gerard and Bromley 
(2008) noted the more subtle presence of these firmground bur- 
rows not only at the base of channels but also within graded 
mudstone. Occurrence of firmground burrows penetrating from 
by-pass surfaces suggests the potential presence of thick sands in 
more axial and/or downcurrent positions of the channel. 




1 3 Trace fossils in biostratigraphy 



Invertebrate trace fossils can be used for the stratigraphic correlation of otherwise nonfossiliferous clastic sequences, provided that 
they share particular “fingerprints” and thus reflect behavioral diversification within taxonomically coherent groups of (commonly 
unknown) tracemakers. 

Dolf Seilacher 
Trace Fossil Analysis (2007) 



In contrast to body fossils, trace fossils are often character- 
ized by long temporal ranges and narrow facies ranges (see 
Section 1.2.8). As a consequence, trace fossils are highly useful 
in paleoenvironmental analysis and less so in biostratigraphic 
studies. Although most ichnogenera display long temporal 
ranges, it is also true that some biogenic structures can preserve 
specific fingerprints of their producers. If the producers record 
significant evolution, then the trace fossils may also yield bio- 
stratigraphic implications (Seilacher, 2007b). There are some 
ichnofossils that reflect particular kinds of animals in which 
body morphology and behavior underwent closely related evo- 
lutionary transformations through time (Seilacher, 2000). The 
more complex (in terms of fine morphological detail) a struc- 
ture is, the more direct its biological relationship, distinctive 
its behavioral program, and hence, larger its biostratigraphic 
significance. Historically invertebrate trace fossils have been 
applied in biostratigraphy in two main areas: the positioning 
of the Proterozoic-Cambrian boundary (e.g. Seilacher, 1956; 
Banks, 1970; Alpert, 1977; Crimes et ah, 1977; Narbonne et al., 
1987; Crimes, 1992, 1994; Jensen, 2003) and the establishment 
of relative ages in lower Paleozoic clastic successions based on 
Cruziana and related trilobite trace fossils (e.g. Seilacher, 1970, 
1992a, 1994; Crimes, 1975). In recent years, attempts have been 
made to incorporate other ichnotaxa, such as Arthrophycus 
and related trace fossils (e.g. Seilacher, 2000; Mangano et al., 
2005b). In the field of vertebrate ichnology, tetrapod trackways 
have a long tradition in biostratigraphy, particularly in upper 
Paleozoic-Mesozoic strata (e.g. Haubold and Katsung, 1978; 
Lucas, 2007). In this chapter we will address the utility of both 
invertebrate and vertebrate trace fossils in biostratigraphy. 

13.1 THE PROTEROZOIC-CAMBRIAN BOUNDARY 



Arguably, the most intensely researched area in ichnostratig- 
raphy is the Proterozoic-Cambrian boundary (Fig. 13.1). In 
fact, the Proterozoic-Cambrian boundary Global Standard 
Stratotype-section and Point (GSSP) has been established 
at the base of the Treptichnus pedum zone at Fortune Head, 



Newfoundland (Narbonne et al., 1987; Brasier et al., 1994; 
Landing, 1994). Subsequently, the Treptichnus pedum zone 
was extended approximately 4 m below the boundary at the 
GSSP (Gehling et al., 2001). Trace-fossil data are, therefore, 
essential to establish the position of the most important 
boundary in the stratigraphic record. 

Alpert (1977) established one of the first syntheses by defining 
three main groups of trace fossils. Group 1 contains ichnotaxa 
restricted to the Proterozoic (e.g. Harlaniella, Intrites). Since 
the trace-fossil origin of these structures has now been aban- 
doned (see Section 14.1.2), group 1 is no longer valid. Group 2 
includes all those ichnotaxa that occur for the first time in the 
Proterozoic, but range into the Phanerozoic (e.g. Helminthopsis, 
Helminthoidichnites). Finally, group 3 contains ichnotaxa 
that first occur in Lower Cambrian rocks (e.g. Diplocraterion, 
Arenicolites). Within this group, there are some ichnotaxa with 
a stratigraphic range restricted to the Lower Cambrian, such as 
Syringomorpha nilssoni (Fig. 13.2a), Psammiclmites gigas (Fig. 
13.2b), and Didymaulichnus miettensis (Fig. 13.2c). 

Further research by Crimes (1987, 1994), Narbonne et al. 
(1987), Walter et al. (1989), MacNaughton and Narbonne 
(1999), and Jensen (2003) led to the definition of a series of bio- 
stratigraphic zones encompassing the Proterozoic-Cambrian 
boundary. In particular, Jensen (2003) presented a tentative 
biostratigraphic scheme that includes six zones: three in the 
Neoproterozoic and three in the Lower Cambrian. The lower- 
most Neoproterozoic zone supposedly consists of simple hori- 
zontal trace fossils assigned to Planolites, but its validity is still 
questionable (Jensen et al, 2006) and is not considered here. 

Accordingly, a scheme of two Ediacaran zones and three 
Lower Cambrian zones is adopted (Fig. 13.3). The lower 
Ediacaran zone consists of poorly specialized grazing trails, 
such as Helminthoidichnites, Helminthopsis, and Archaeonassa. 
Dickinsonid and Kimberella trace fossils occur also in this zone 
(see Section 14. 1.2). Dickinsonid resting traces have been attrib- 
uted to the recently proposed ichnogenus Musculopodus (Getty 
and Hagadorn, 2008), but they differ from the type specimens 
of this ichnotaxon and, therefore, they best represent a new, 
still unnamed ichnogenus. Kimberella rasping trace fossils have 
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Figure 13.1 Treptichnus pedum, 
whose first appearance indicates the 
Proterozoic-Cambrian boundary, 
(a) Dolf Seilacher pointing towards 
the image of a pedum (i.e. crook) 
carved on a wall of a Tubingen 
church, where he lived while a univer- 
sity student after the Second World 
War. Photo taken in the summer 
of 2003. (b) Treptichnus (Phycodes) 
pedum. Lower Cambrian, Nobulus 
Shale, Salt Range, Pakistan. 
Seilacher introduced this ichnospe- 
cies in a classic paper on the ichnol- 
ogy of the Salt Range Cambrian 
in 1955. (c) Treptichnus (Phycodes) 
pedum. Lower Cambrian, Klipbak 
Formations, Brandkop Subgroup, 
Gannabos Farm, South Africa. 
Scale bars are 1 cm. 



been included in Radulichnus (Seilacher et al., 2005). This lower 
Ediacaran zone is represented in the Ediacara Member of South 
Australia (Gehling et ah, 2005) and the Ust Pinega Formation of 
the White Sea, Russia (Fedonkin, 1985). The age of this interval 
is approximately 560-550 Ma (Martin et al., 2000; Jensen et al., 
2006). The upper Ediacaran zone includes the oldest branching 
burrow systems (Treptichnus and S treptichnus), as well as three- 
lobate trace fossils similar to Curvolithus. This zone is repre- 
sented in the Urusis Formation of the Nama Group in Namibia 
(Jensen et al., 2000). Radiometric dating in Namibia indicates 
that this zone is approximately bracketed between 550 and 542 
Ma (Grotzinger et al., 1995; Jensen et al., 2006). 

The lowermost Lower Cambrian zone is referred to as the 
Treptichnus pedum zone, and is of Fortunian age. Its base, 
the Proterozoic-Cambrian boundary, is marked by the first 
appearance of T. pedum. The zone also contains Gyrolithes 
polonicus and Bergaueria. This zone has been identified in many 
sections worldwide, including the Chapel Island Formation 
of Avalon Peninsula, Newfoundland (Narbonne et al., 1987; 
Droser et al., 2002), the upper interval of the Ingta Formation 
in the Mackenzie Mountains, Canada (MacNaughton and 
Narbonne, 1999), and the Nomtsas Formation of Namibia 
(Crimes and Germs, 1982; Geyer and Uchman, 1995), 
among many other areas. The Rusophycus avalonensis zone 
contains the oldest bilobate, trilobite-like resting traces 
(R. avalonensis) together with a bilobate epichnial trail that has 
been historically referred to as Taphrelminthopsis circularis. 



although it should be removed from this ichnogenus (Jensen 
et al., 2006). This zone has been identified in the Chapel 
Island Formation of Avalon Peninsula (Narbonne et al., 
1987), and the Backbone Ranges Formation and lower inter- 
val of the Vampire Formation in the Mackenzie Mountains 
(MacNaughton and Narbonne, 1999). The Cruziana tenella (= 
problematica) zone contains the oldest bilobate, trilobite-like 
locomotion traces (Cruziana problematica) together with large 
back-filled traces (Psammichnites gigas). This zone occurs in 
the middle to upper interval of the Vampire Formation in the 
Mackenzie Mountains (MacNaughton and Narbonne, 1999). 

To a large extent, this biostratigraphic scheme is based on 
shallow-marine ichnofaunas, which were considerably more 
diverse than their deep-marine counterparts by the Ediacaran- 
Cambrian (Buatois and Mangano, 2004). The ichnogenus 
Oldhamia has a widespread distribution, particularly in Lower 
Cambrian deep-marine deposits and its potential in biostratig- 
raphy has been noted (e.g. Seilacher, 1974, 2007b; Lindholm 
and Casey, 1990; Seilacher et al, 2005; MacNaughton, 2007). 
Oldhamia curvata, O. radiata (Fig. 13-2d), and O. flabel- 
lata are known from Lower Cambrian rocks, and O. antiqua 
has been recorded in Lower Cambrian to, more rarely, lower 
Middle Cambrian rocks (Seilacher et al, 2005). Unfortunately, 
Oldhamia typically occurs in intensely tectonized rocks that 
are devoid of body fossils, and extensive empirical support to 
proposed evolutionary lineages (Lindholm and Casey, 1990; 
MacNaughton, 2007) is not available yet. 
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Figure 13.2 Typical Lower Cam- 
brian trace fossUs. (a) Syringomorpha 
nilssoni. Campanario Formation, 
Alfarcito Hills, northwest Argentina. 
See Mangano and Buatois (2004a). 
(b) Psammichnites gigas ( = Plagio- 
gmus arcuatus). Parachilna Forma- 
tion, Ediacara Hills, Australia. See 
Gehling (2002). (c) Didymaulichnus 
miettensis. Meishucun Formation, 
Meishucun, Yunnan Province, China. 
See Crimes and Jiang (1986). (d) 
Oldhamia antiqua. Grand Pitch 
Formation, Maine, United States. 
See Seilacher et al. (2005). Scale bars 
are 1 cm. 



13.2 CRUZIANA STRATIGRAPHY 



The so-called Cruziana stratigraphy was first developed in the 
seventies and early eighties based on rocks containing trilobite 
trace fossils from Wales and Spain, particularly of Furongian 
(Late Cambrian)-Early Ordovician age (e.g. Crimes, 1969, 
1970a, b, 1975; Seilaeher, 1970; Moreno et al, 1976; Baldwin, 
1977; Crimes and Marcos, 1976; Pickerilleta/., 1984b). However, 
it was Seilacher (1970, 1990b, 1992a) who further developed the 
time range and geographic extension of the model. Additional 



studies have considerably extended this ichnostratigraphic 
scheme by documenting Cruziana and related ichnotaxa from 
the Lower Cambrian (Series 2) of Western Canada (Magwood 
and Pemberton, 1990; Seilacher, 1994), Sweden (Jensen, 1990, 
1997), Lower to Middle Cambrian of Argentina (Mangano 
and Buatois, 2003b), and Egypt (Seilacher, 1990b), and Jordan 
(Seilacher, 1990b); Middle Cambrian (Series 3) of Spain (Legg, 
1985), and Poland (Orlowski, 1992); Middle Cambrian to Lower 
Ordovieian of Norway (Knaust, 2004b); Furongian-Lower 
Ordovieian of Argentina (Mangano et al., 1996b; 2001b, 2002c, 
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Figure 13.3 Trace-fossil zones spanning the Ediacaran-Cambrian 
boundary (modified from Jensen, 2003). As noted by Jensen et al. (2006), 
evidence for a lowermost Ediacaran zone characterized by Planolites is 
questionable and, therefore, it has been omitted here. 

2005a; Mangano and Buatois, 2003a), Libya (Seilacher et al., 
2002), Poland (Radwanski and Roniewicz, 1963, 1972; Orlowski 
et al., 1971; %linska, 1999), and Eastern Canada (Seilacher 
and Crimes, 1969; Bergstrom, 1976; Pickerill and Pillion, 1983; 
Pillion and Pickerill, 1990); Lower Ordovician of Saudi Arabia 
(El Khayal and Romano, 1988), and Australia (Draper, 1980; 
Webby, 1983); Upper Ordovician of United States (Osgood, 
1970), and Eastern Canada (Stanley and Pickerill, 1998); and 
Upper Ordovician-Lower Silurian (Llandovery) of Argentina 
(Seilacher et al., 2004; Seilacher, 2005), Libya (Seilacher, 1996, 
2005; Seilacher et al., 2004), Benin (Seilacher and Alidou, 1988), 
and Chad (Seilacher et al., 2004). 

The Cruziana stratigraphy is based on ribbon-like bilob- 
ate structures {Cruziana sensu s trie to) and coffee bean-shaped 
structures {Rusophycus) identified at ichnospecies level. 



Although trilobites were the most likely producers of these 
structures in lower Paleozoic marine settings, other arthropods 
may have been involved. Other arthropod trace fossils (e.g. 
Dimorphichnus) have been proposed as having biostratigraphy 
utility (Seilacher, 1990b). However, their use is still limited. 
Cruziana and Rusophycos ichnospecies are based on fine mor- 
phological features, particularly the so-called “claw formula” 
(i.e. the fingerprint left by claws or setae present in the distal 
part of the walking appendages). However, as leg morphology 
may be convergent in different groups of trilobites, other fea- 
tures reflecting burrowing behavior (e.g. presence of cephalic 
impressions, coxal marks, exopodal brushings, pleural or genal 
spine impressions) are also included in defining a particular 
ichnotaxon. If leg morphology displays high rates of evolu- 
tionary change, then it is possible to establish narrow strati- 
graphic ranges for the different ichnospecies of Cruziana and 
Rusophycus. The most likely correlation is between a particu- 
lar ichnospecies of Cruziana and a number of trilobite species 
probably phylogenetically related (i.e. belonging to the same 
family). Eortey and Seilacher (1997) showed the co-occurrence 
of C. semiplicata and Maladiodella. However, C. semiplicata 
is common ichnospecies in the Furongian to Tremadocian of 
northwest Argentina, where Maladiodella has not been recorded. 
The same discrepancy has been noted in the Furongian of the 
Holy Cross Mountains in Poland (Zylinska, 1999). It is clear that 
C semiplicata can be produced by other olenids. 

Cruziana stratigraphy has been essentially developed for 
Gondwana, where more than 30 ichnospecies of Cruziana (and 
Rusophycus) with biostratigraphic significance have been identified 
(Seilacher, 1970, 1992a). The stratigraphic ranges of these ichno- 
species comprise between one and three series, but the majority of 
these ichnotaxa are restricted to only one or two series (Fig. 13.4). 
The most extensive dataset comes from the Furongian to Middle 
Ordovician interval, although recent improvements have been 
produced for the Lower Silurian (Llandovery) (Seilacher, 1996) 
(Figs. 13.5a-j and 13.6a-h). In the stratigraphic scheme proposed 
by Seilacher (1970, 1992a), Cruziana ichnospecies are in turn clus- 
tered into groups. This author recognized 1 1 groups throughout 
the Paleozoic (e.g. dispar group, semiplicata group, rugosa group). 
Groups are defined based fundamentally on the claw formula as 
recorded by scratch-mark morphology and grouping. However, if 
claw marks are too small, the presence of well-developed exopo- 
dal marks and lobes can be used (e.g. semiplicata group). Some of 
these groups display wide geographic distribution validating their 
use in biostratigraphy. However, many are known only from their 
type localities. Some of these groups may have just one appear- 
ance in the stratigraphic record (e.g. semiplicata group), but oth- 
ers may characterize more than one stratigraphic interval. For 
example, the omanica group is mostly Furongian-Tremadocian, 
but reappears in the Caradocian (represented by C petraea) and 
the Lower Silurian (Llandovery) (C. acacensis). According to 
Seilacher (1970, 1992a), the Lower Cambrian (Series 2) is repre- 
sented by the fasciculata group, while the dispar group spans the 
Lower to Middle Cambrian (Series 2 to 3). However, C fasciculata 
has been recently recorded in Upper Cambrian rocks (Mangano 
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Figure 13.4 Cruziana and Rusop- 
hycus stratigraphy. Some of the strati- 
graphic ranges should be regarded as 
tentative due to limited occurrences. 
Cruziana rugosa comprises three 
ichnosubspecies, C. rugosa rugosa, 
C. rugosa goldfussi, and C. rugosa 
furcifera. Modified from Seilacher 
(1992a). 



and Buatois, 2003a). The semiplicata group characterizes the 
Lower Cambrian to Tremadocian. The rugosa group is typically 
Arenigian-Llanvirnian, while the imbricata group seems to be 
restricted to the Arenigian. The Caradocian eontains the almaden- 
ensis group, although one of its ichnospecies (C. pedroana) is 
Upper Silurian (Ludlow-Pridoli). The Ashgillian is eharaeterized 
by the distinctive carleyi group, while the pudica group spans the 
Caradocian-Lower Carboniferous. The quadrata group is Lower 
Silurian-Devonian. The costata group seems to be restricted to 
the Carboniferous, but the true affinities of C costata are doubt- 
ful. To illustrate Cruziana stratigraphy, we will address the dispar, 
semiplicata, and rugosa groups in more detail. 

The dispar group consists of forms with several, but unequal, 
sharp scratch marks, revealing typically two but up to three sec- 
ondary claws in front of the large primary one (Seilacher, 1970, 
1992a). The group includes Rusophycus dispar (Fig. 13.5a), a 
typical Lower Cambrian (Series 2) ichnospecies known from 
Sweden and Poland, and C. salomonis (Fig. 13.5c), a Middle 
Cambrian (Series 3) ichnospecies from Jordan (Mangano et al., 
2007). Cruziana harhata-Rusophycus barbatus (Fig. 13.5d), 
known from the Middle Cambrian of Spain, Poland, Turkey, 
and China, are also in the dispar group. 

The semiplicata group is not based on a claw formula because 
endopodal scratch marks are commonly too small; prominent 
exopodal “brushings” defining external lobes flanked by mar- 
ginal thin ridges represent the diagnostic features (Crimes, 1969, 
1970a; Seilacher, 1970, 1992a). Cruziana semiplicata (¥ig. 13.5k), 
a common ichnospecies in Furongian-Tremadocian roeks, is 
the most typical ichnotaxa of the group, having been recorded 
in Argentina, Eastern Canada, Wales, Spain, Poland, and Oman 
(Seilacher, 1970, 1992a). Cruziana semiplicata, eharaeterized by 
lateral exopodal brushings and typically trifid endopodal marks, 
is most likely paleobiologically related to olenids (Crimes, 1970a, 
b; Orlowski et al, 1970; Fortey and Seilacher, 1997; Zylinska, 
1999), although Bergstrom (1973, 1976) proposed selenopleu- 
raceans as possible tracemakers. Other ichnospecies included in 
this group are C. aegyptica, R. aegypticus, C. arizonensis (Fig. 



13. 5e), C. torworthi, R. leifeirikssoni (Fig. 13. 5f), R. moyensis 
(Fig. 13. 5i), and R. polonicus (Fig. 13. 5h). Cruziana aegyptica, 
and R. aegypticus occur in Middle Cambrian rocks of Jordan 
(Mangano et al, 2007), probably extending into the Lower 
Cambrian in its type locality in Egypt (Seilacher, 1990b), while 
C. arizonensis is Middle Cambrian (Seilacher, 1992a). The strati- 
graphic range of C. torworthi, R. moyensis, and R. polonicus is 
roughly coincident with that of C. semiplicata. Rusophycus lei- 
feirikssoni was originally recorded from Furongian-Tremadocian 
rocks of Eastern Canada (Bergstrom, 1976; Fillion and Pickerill, 
1990), but is also known from older units (Lower to Middle 
Cambrian) in Argentina (Mangano and Buatois, 2003b). 

Together with the semiplicata group, the rugosa group dis- 
plays well-constrained stratigraphic distribution, and a dis- 
tinctive and easy to identify morphology. The rugosa group 
is characterized by typically seven to ten, but up to twelve 
subequal claws; exopodial markings are absent (Seilacher, 
1970, 1992a). The group includes C. rugosa rugosa, C. rugosa 
goldfussi, and C. rugosa furcifera (Fig. 13.5k), which occur in 
Arenigian-Llanvirnian rocks and, therefore, are useful to place 
the Tremadocian-Arenigian boundary. However, an over- 
lap between some of the ichnotaxa of the rugosa group and 
C. semiplicata has been noted in the upper Tremadocian in 
some regions (Baldwin, 1975, 1977; Mangano and Buatois, 
2003a). In addition, Seilacher (1992a) indicated that the rugosa 
group could extend into the Caradocian in quartzite facies in 
Bolivia. Recent biostratigraphic work by Egenhoff et al. (2007) 
confirmed the Caradocian age of the rugoja-bearing strata. 
Although the presence of C. rugosa furcifera, C. rugosa goldfussi, 
and C. rugosa rugosa in Lower Cambrian (Series 2) rocks of 
Eastern Canada has been reported (Magwood and Pemberton, 
1990), specimens were subsequently assigned to a new ichno- 
species, C. pectinata, upon reanalysis (Seilacher, 1994). The dis- 
tinctive multiple and sharp scratch marks of the rugosa group 
generated a debate concerning their origin, with some authors 
suggesting production by multi-clawed endopodites (Seilacher, 
1970, 1992a; Baldwin, 1977; Mangano and Buatois, 2003a) 






Figure 13.5 Cambrian to Lower Ordovician Cruziana and Rusophycus. (a) Rusophycus dispar forming clusters. Lower Cambrian, Mickwitzia Sandstone, 
Vastergotland, Sweden. Coin is 1.9 cm. See Jensen (1997). (b) Cruziana fasciculata displaying sets of at least five endopodal fine scratch marks. Lower Cambrian, 
Herreria Sandstone, Bonar, Spain. See Seilacher (1970). (c) Cruziana salomonis showing scratch marks produced by strong proverse front legs (left) and weaker ret- 
roverse rear legs (right). Middle Cambrian, Burj Formation, Zerka Main, Jordan. See Seilacher (1990b) and Mangano et al. (2007). (d) Cruziana harhata with prom- 
inent front leg markings. Middle Cambrian, Obersfar Quartzite, Bonar, Spain. See Seilacher (1970). (e) Rusophycus arizonensis ( - Cruziana-arizonensis). Endopodal 
scratch marks are bordered and partially covered by exopodal scratch marks. Middle Cambrian, Tapeats Sandstone, Kaibab Trail, Grand Canyon, Arizona, United 
States. See Seilacher (1970). (f) Rusophycus leifeirikssoni. Posterior view showing axial groove and two lobes covered by coarse endopodal marks and thin exopodal 
marks. Lower to Middle Cambrian, Campanario Formation, Angosto del Morro de Chucalezna, Quebrada de Humahuaca, northwest Argentina. See Mangano 
and Buatois (2003b). (g) Rusophycus latus showing prominent endopodal scratch marks. Lower Ordovician, Scopes Range Beds, west of Bilpa, New South Wales, 
Australia. See Webby (1983). (h) Rusophycus polonicus with well-preserved coxal impressions between endopodal lobes. Upper Cambrian, Wisniowka Sandstone 
Formation, Wielka Wisniowka, Holy Cross Mountains, Poland. See Orlowski et al. (1970). (i) Rusophycus moyensis displaying central area and lobes covered by well- 
developed endopodal scratch marks. Upper Cambrian to Tremadocian, Alfarcito Member, Santa Rosita Formation, Angosto del Morro de Chucalezna, Quebrada 
de Humahuaca, northwest Argentina. See Mangano et al. (2002c). (j) Cruziana semiplicata displaying marginal furrows, exopodal external lobes with delicate scratch 
marks oriented subparallel to the axis, and endopodal lobes with scratch marks at an acute angle with respect to axis. Tremadocian, Guayoc Chico Group, Angosto 
del Moreno, northwest Argentina. See Mangano and Buatois (2003a). (k) Cruziana rugosa furcifera showing sharp, regular scratch marks forming a highly variable 
V-angle. Arenigian-Llanvirnian, Mojotoro Formation, Quebrada del Gallinato, northwest Argentina. See Mangano et al. (2001b). All scale bars are 1 cm. 
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Figure 13.6 Upper Ordovician to Lower Silurian Cruziana and Rusophycus. (a) Cruziana pelraea with rounded and subequal scratch marks. Upper 
Ordovician, Sabellarifex Sandstone, Sahl-el Karim, Jordan. See Seilacher ( 1 970). (b) Cruzianaflammosa with flame-like front leg scratch marks. Upper 
Ordovician, Sabellarifex Sandstone, Sahl-el Karim, Jordan. See Seilacher ( 1 970). (c) Rusophycus almadenensis {= Cruziana-almadenensis) displaying 
radiating palm-tree scratch pattern. Upper Ordovician, Sabellarifex Sandstone, Sahl-el Karim, Jordan. See Seilacher ( 1 970). (d) Rusophycus perucca 
(= Cruziana perucca) showing typical deep wig-like structures as a result of front leg action. Upper Ordovician, Conularia Sandstone, north- 
west of Mudawwara, Jordan. See Seilacher (1970). (e) Rusophycus radialis (= Cruziana radialis) characterized by large size, radial scratch pat- 
tern, and well-developed coxal impressions. Upper Ordovician, Mithaka Formation, Toko Range, Queensland, Australia. See Draper (1980). 

(f) Cruziana acacencis sandalina displaying typical Turk sandal-shape Lower Silurian, Acacus Sandstone, Sebha Ghat, Libya. See Seilacher (1996). 

(g) Cruziana quadrata displaying its diagnostic rectangular cross section and oblique multiple scratch marks on endopodal lobes. Lower Silurian, 
Acacus Sandstone, Wadi Tanezzuft, Libya. See Seilacher (1970). (h) Cruziana ancora ibex showing anchor-shaped extension. Lower Silurian, 
Fada Oasis, Chad. See Seilacher (1970). All scale bars are 1 cm. All coins are 1.9 cm. 
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Box 13.1 Cruziana stratigraphy in the lower Paleozoic of northern Africa 

The potential of Cruziana stratigraphy is particularly evident in the case of unfossiliferous sandstones. Ordovician-Silurian 
outcrops of the Kufra Basin in remote areas of the Sahara, southeast Libya, have been particularly appropriate for applying 
this tool. Nearshore prograding sandstone wedges advanced from south to north interfingering with anoxic shelf black shale. 
The black shale has been dated based on graptolites, but correlation with the sandstone wedges is complicated due to the 
absence of body fossils in these coarser-grained tongues. However, the presence of several Cruziana ichnospecies in the sand- 
stone facies allows dating of the clastic wedges and correlation with their distal equivalents. The southernmost succession, 
exposed close to the boundary with Chad, contains elements of the rugosa group, namely C. rugosa goldfussi and C. rugosa 
furcifera, suggesting an Arenigian-Llanvirnian age for the Hawaz Formation. The overlying Memouniat Formation lacks trace 
fossils and probably records deposition in fluvial environments. Towards the north, a coarsening-upward succession is exposed, 
recording the vertical transition from black shale of the Tanezzuft Formation into the Akakus Sandstone. The presence of 
Cruziana acacensis indicates a Lower Silurian age for the sandstone wedge. Further north, the slightly younger C quadrata 
and C. pedroana are present in the next overlying sandstone wedges. Interestingly, the only ichnosubspecies of C. acacensis 
recorded in the area is C. acacensi plana, a simpler variant that is assumed to be older than the most complex ichnosubspecies 
(C acacensis sandalina, C. acacensis retroversa, and C acacensis laevigata), which occur upward into the Acacus Sandstone, 
but in the Murzuk Basin of western Libya. Overall, the integration of Cruziana stratigraphy with graptolite data allows recon- 
structing the northward diachronic progradation of nearshore clastic wedges into shelf settings. 

References: Seilacher (1996); Seilaclier et al. (2002). 



and others favoring comb-like exopodites (Bergstrom, 1973; 
Crimes and Marcos, 1976). Based on geographic distribution 
and size, the most likely tracemakers are asaphacean trilobites 
(Bergstrom, 1973, 1976; Fillion and Pickerill, 1990; Mangano 
et ah, 2001b; Neto de Carvalho, 2006). 

Although Cruziana stratigraphy allows relative dating of 
sandstones lacking body fossils (Box. 13.1), it remains an 
underexplored paradigm. There are some possible reasons 
for this. First, this methodology requires a careful evaluation 
of fine morphological details, including determination of the 
“claw formula”. Poorly preserved material or a small sample 
(that fails to represent the ethological variability of the ich- 
notaxon) are common problems. However, this may be over- 
come with critical analysis based on adequate sampling and 
avoiding determinations or proposal of new ichnotaxa based 
on fragmentary material. Second, anomalies within the model 
have created doubts about the validity of the proposed bio- 
stratigraphic scheme. In some cases (e.g. the rugosa group in 
Lower Cambrian rocks), subsequent re-analysis and solving 
of the anomaly has reinforced the model (Seilacher, 1994). 
In others (e.g. rugosa group in Caradocian rocks), additional 
research led to the extension of the originally proposed strati- 
graphic range of key Cruziana ichnospecies (e.g. Mangano and 
Buatois, 2003a; Egenhoff et al., 2007). Third, several Cruziana 
ichnospecies are only known from their type localities or from 
a few localities, whose age in some cases has probed to be 
incorrect (e.g. C. salomonis, see Mangano et al., 2007). To 
complicate matters, independent biostratigraphic evidence 
(e.g. body fossils and radiometric dating) is commonly absent 
in many of these localities. Finally, identification of Cruziana 
ichnospecies and ichnosubspecies requires a fair amount of 
background understanding about trilobite behavior and anat- 
omy (Seilacher, 1970, 1985, 1992a; Bergstrom, 1973). In any 



case, specific technical expertise is required with any fossil 
group of biostratigraphic significance and, therefore, trace 
fossils are not an exception. Undoubtedly, there is a need for 
further studies, particularly in areas where independent pale- 
ontological evidence based on body fossils or radiometric dat- 
ing may allow testing and further developing of the Cruziana 
stratigraphy paradigm. 

13.3 ARTHROPHYCID STRATIGRAPHY 



There is yet another group of trace fossils (Arthrophycus, 
Daedalus, and Phycodes), included in the ichnofamily 
Arthrophycidae, which has been proposed as yielding biostrati- 
graphic significance (Seilacher, 2000). Although these trace 
fossils cannot be confidently assigned to a particular group of 
organisms, the different ichnotaxa included in this ichnofamily 
share regular transverse ridges and a teichichnoid spreite. 

In particular, the ichnogenus Arthrophycus is abundant and 
widespread in Ordovician and Silurian strata, specifically in 
shallow-marine epeiric quartzites and quartzose sandstones. 
According to Seilacher (2000), Arthrophycus has a distinct strati- 
graphic range and can be used as a biostratigraphic index in 
Ordovician-Silurian rocks. Five ichnospecies are known at pre- 
sent: A minimus, A. brongniartii (= A. linearis), A. alleghanien- 
sis, A. lateralis, and A. parallelus (Mangano et al., 2005b; 
Brandt et ah, 2010). Arthrophycus minimus consists of shallow, 
small, long, regularly annulated hypichnial elements display- 
ing subcircular to squarish cross-section and a ventral median 
groove; palmate, fan-like structures and scribbling patterns are 
absent, but a few side branches may occur (Mangano et al, 
2005b) (Fig. 13.7a). Arthrophycus minimus is known in Upper 
Cambrian (Furongian) to Lower Ordovician rocks and displays 
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Figure 13.7 Typical Arthrophycus 
ichnospecies used in biostratigraphy, 
(a) Arthrophycus minimus. Upper 
Cambrian-Lower Ordovician, Santa 
Rosita Formation, Angosto del Morro 
de Chucalezna, northwest Argentina. 
Scale bar is 1 cm. See Mangano et al. 
(2005b). (b) Arthrophycus brongni- 
artii (= A. linearis) retrusiva. Lower 
Silurian, Acacus Sandstone, Acacus 
Mountains, Libya. Coin is 1.9 cm. 
See Seilacher (2000). (c) Arthrophycus 
alleghaniensis. Lower Silurian, 
Medina Sandstone, Rochester, 
United States. Coin is 1.9 cm. See 
Seilacher (2000). (d) Arthrophycus 
lateralis. Lower Silurian, Acacus 
Sandstone, Takharkhuri Pass, Libya. 
Polished slab (lower left) shows sprei- 
ten pattern. Scale bar is 1 cm. See 
Seilacher (2000). 



an exploratory behavioral pattern that is simpler than that of the 
younger Arthrophycus ichnospecies, which is consistent with its 
basal position within the arthrophyeid lineage (Mangano et al, 
2005b). Arthrophycus hrongniartii consists of shallow, straight to 
gently curved elements having no or few side branches (Seilacher, 
2000; Rindsberg and Martin, 2003) (Fig 13.7b). This ichnospe- 
eies ranges from the Lower Ordovician to the Lower Silurian. 
Arthrophycus alleghaniensis eomprises three-dimensional pal- 
mate bundles of tunnels typically displaying vertically retru- 
sive spreite (Fig 13.7c), and A. lateralis consists of fan-shaped 
structures, in which branches bend only to one side having a 
horizontal protrusive spreite (Seilacher, 2000) (Fig 13. 7d). Both 
iehnospecies are only known from the Lower Silurian. Finally, A. 
parallelus consists of elongate tunnels with well-developed annu- 
lations, showing a parallel to sub-parallel orientation (Brandt 
et al., 2010). This ichnospecies has been introduced by Brandt 
et al. (2010) based on Carboniferous specimens and represents 
the youngest confident occurrence of this ichnogenus. 

The ichnogenus Daedalus also seems to have biostratigraphic 
potential. While the ichnospecies D. labechei, D. halli, and D. 
desglandi are apparently restricted to the Lower Ordovician, 
D. multiplex is only known from the Middle Ordovieian, and 
D. verticalis and D. archimedes occur in the Lower Silurian 
(Seilacher, 2000). According to Seilacher (2000), some ichno- 
species of Phycodes may be useful in biostratigraphy. Phycodes 
circinatum is widespread in the Tremadocian, while P. fusiforme 
is only known from the Upper Arenigian. Phycodes parallelum 
ranges from the Upper Arenigian to the Lower Llanvirnian, 
and P. flabellum is only present in the Caradocian-Ashgillian. 

In short, as in the ease of Cruziana stratigraphy, the 
Arthrophyeid stratigraphy provides an alternative to date and 
eorrelate lower Paleozoic quartzites and quartzose sandstones 
that commonly lack body fossils. The amount of evidence sup- 
porting the scheme is uneven. Some ichnospeeies are wide- 
spread, while others are only known from one or two localities. 



We can certainly consider that this paradigm is still in a state 
of flux. Further fieldwork will most likely adjust and add to the 
original ichnostratigraphic proposal. 

13.4 OTHER INVERTEBRATE ICHNOTAXA 



Besides those iehnotaxa apparently restricted to the Lower 
Cambrian and those included in the Cruziana and arthrophyeid 
stratigraphy, there are a few other invertebrate ichnofossils that 
seem to have a more restricted stratigraphic distribution. One of 
these ichnogenera is Climactichnites (Fig. 13.8a) and its associ- 
ated resting trace Musculopodus, which are only known from 
the Upper Cambrian (Yochelson and Fedonkin, 1993; Getty 
and Hagadorn, 2008, 2009). 

Heimdallia (Fig. 13.8b) is apparently restricted to Upper 
Ordovieian-Devonian strata, mostly in nearshore settings, 
PI. chatwini being the most typical ichnospecies (e.g. Bradshaw, 
1981; Trewin and MeNamara, 1995; Hunter and Lomas, 2003; 
Bradshaw and Harmsen, 2007). A potential Lower Ordovieian 
occurrenee of H. chatwini (Fillion and Pickerill, 1990) requires 
further analysis. Another ichnospecies, H. zigzag, occurs in the 
Lower Silurian (Seilacher and Alidou, 1988; Seilacher 2007b). 
A slightly younger representative, Heimdallia mullaghmori, is 
known from the Lower Carboniferous (Buckman, 1996). 

The ichnogenus Dictyodora also displays a restricted strati- 
graphic distribution, which is of biostratigraphic significance 
(Seilacher 1967a; Benton and Trewin, 1980; Uchman, 2004a). 
Dictyodora simplex is Cambrian-Ordovician, while D. scotica 
and D. tenuis are Ordovician-Silurian. Others ichnospecies dis- 
play more restricted ranges, such as the Ordovician D. zimmer- 
manni, the Silurian D. silurica, and the Early Carboniferous D. 
liebeana (Fig. 13.8c). 

Some graphoglyptids have narrower stratigraphic ranges 
than less complex iehnotaxa (Uchman, 2004a). For example. 
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Figure 13.8 Other invertebrate trace 
fossils showing restricted stratigraphic 
ranges, (a) Climactichnites wilsoni 
cross-cutting desiccation cracks. 
Upper Cambrian, Cairnside 
Formation, Postdam Group, slab 
exhibited at the Fossil Garden at 
Buisson Point Archaeological Park, 
Melocheville, Quebec, Canada. Coin 
( upper center) is 2 .4 cm. (b) Heimdallia 
chatwini. Ordovician, Peninsula 
Formation, Table Mountain Group, 
Matjiesgloof Farm, South Africa. 
Scale bar is 10 cm. (c) Dictyodora lie- 
beana. Lower Carboniferous, Cabo 
de Favaritz Beds, Menorca, Spain. 
Scale bar is 3 cm. (d) Ghckerichnus 
alata. Lower to Middle Eocene, 
Tarcau Sandstone, Teherau Valley, 
Romania. Scale bar is 10 cm. 



Ghckerichnus alata (Fig. 13. 8d) is only known from the Eocene, 
while Rotundusichnium zumayense occurs in Maastrichtian- 
Eocene. Flowever, most of graphoglyptid ichnotaxa have longer 
stratigraphic ranges, essentially from the Cretaceous to the 
Neogene (Uchman, 2003, 2004a). 

Crustaeean burrows having bilobate segments with seratch 
marks were originally referred to a new ichnospecies, Cruziana 
seilacheri (Zonneveld et al., 2002), but belong in some of the 
iehnogenera eurrently available for burrow systems, most likely 
Spongeliomorpha (Knaust, 2007). This form is at present only 
known from the Middle Triassie. 

Genise (2004) reviewed the stratigraphic range of inseet 
trace fossils in paleosols. Most of these ichnotaxa range from 
the Paleogene. Of these, Eatonichnus is only known from the 
Paleoeene-Eocene, and Teisseirei from the Eocene-Oligocene. 
Although the temporal resolution of these ichnotaxa is too 
crude, the presence of some of these inseet trace fossils may be 
useful to differentiate Cenozoic paleosols from older terrestrial 
strata (Genise et al., 2000). 

The stratigraphic distribution of macro- and microborings has 
been reviewed by Bromley (2004), and Glaub and Vogel (2004). 
Bromley (2004) concluded that the temporal ranges of borings 
are too long to allow their use in biostratigraphy. Flowever, first- 
appearance data may have some applications in biostratigraphy. 
More restricted temporal ranges are displayed by bioclaustrations 
(Tapanila, 2005; Tapanila and Ekdale, 2007). Although some of 
the most abundant forms (e.g. Tremichnus) have long temporal 
ranges, other less-widespread iehnogenera (e.g. Catellocaula, 
Diorygma, Hicetes, Klemmatoica, and Torquaysalpinx) seem to 
be restricted to one to four stages, a resolution unparalleled by 
any other ichnotaxa. Because many of these forms are poorly 
known, further documentation of these ichnotaxa may be neces- 
sary to test their biostratigraphic significance. 



13.5 TETRAPOD TRACKWAYS 



Tetrapod trackways are known since the early Middle Devonian 
(Niedzwiedzki et al., 2010), being particularly abundant in 
marginal-marine to continental deposits since the Carboniferous 
(Lucas, 2007). This group of trace fossils has been extensively 
used in biostratigraphy. In fact, the tradition of using trace 
fossils in biostratigraphy is more firmly entrenched among 
vertebrate ichnologists than among invertebrate ichnologists. 
Lucas (2007) provided an exhaustive review of tetrapod track- 
way biostratigraphy, addressing a series of limiting factors that 
complicate use of vertebrate footprints in this field. 

As in the case of invertebrate ichnology, some of these prob- 
lems are connected with taxonomy (see Section 2.6). The uneven 
quality of footprint ichnotaxonomy complicates the reliability 
of biostratigraphic zonations. Ichnotaxa based on extramor- 
phological features result from a splitting approach to tax- 
onomy. Biostratigraphic zonations based on this approach give 
the false appearance of stratigraphic resolution because they 
include a large number of biozones, which are, in fact, unsound 
and simple artifacts of poor taxonomic practice. Zonations 
based on better defined ichnotaxa are sound, albeit with limited 
resolution. This is because vertebrate iehnogenera do not cor- 
respond to tetrapod genera, but to higher-rank taxonomic levels 
(e.g. families and groups), and the most precise biostratigraphic 
schemes are based on genus- or species-level taxa (e.g. Baird, 
1980; Carrano and Wilson, 2001; Lucas, 2007). Lucas (2007) 
also noted that, as in the case of invertebrate trace fossils, facies 
restrictions limit the utility of tetrapod footprints. 

Despite all these problems, tetrapod trackways are effectively 
used in biostratigraphy, and Lucas (2007) recognized several 
global time intervals based on the footprint record. The recently 
discovered early Middle Devonian tetrapod trackways from 
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Poland (Niedzwiedzki et al, 2010) predate the oldest tetrapod 
body fossils which are from the Upper Devonian (Ahlberg, 
1991). The Late Devonian interval is characterized by track- 
ways attributed to ichthyostegalians, which is consistent with 
the skeletal record (Warren and Wakefield, 1972; Rogers, 1990; 
Stossel, 1995; Clack, 2002, 2005). However, the trackway record 
is poor and no index taxa have been defined, restricting bio- 
stratigraphic utility (Lucas, 2007). 

The Carboniferous trackway record is very rich, although 
mostly restricted to Laurussia. Lucas (2007) pointed out that 
taxonomic problems due to oversplitting complicate bio- 
stratigraphic schemes, but that three time intervals can be 
recognized: Early Carboniferous (Mississippian), Middle 
Carboniferous (roughly Westphalian), and Late Carboniferous 
(approximately Stephanian). The Early Carboniferous interval 
is mostly based on trackways from Nova Scotia (e.g. Sarjeant 
and Mossman, 1978; Hunt et al., 2004b; Lucas et al., 2004b) 
and, to a lesser extent, England (e.g. Scarboro and Tucker, 
1995). Typical trackways are produced by temnospondyls and 
stem amniotes (captorhinomorphs), including the ichnogen- 
era Peratodactylopus, Megapezia, Baropezia, Hylopus, and 
Palaeosauropus, although the latter three also occur in younger 
Carboniferous rocks (Lucas, 2007). Middle Carboniferous track- 
ways are known essentially from Nova Scotia, eastern and west- 
ern United States, Germany, France, and the Czech Republic 
(e.g. Sarjeant and Mossman, 1978; Cotton et al., 1995). This 
interval is dominated by stem amniotes (captorhinomorphs) 
trackways (although temnospondyl footprints occur also), and is 
referred to as the Pseudohradypus biochron (Lucas, 2007). Other 
ichnogenera include Notalacerta, Cincosaurus, Matthewichnus, 
Anthracopus, Salichnium, and Quadropedia. The producers 
of Lower and Middle Carboniferous trackways are essen- 
tially the same, and distinction between these two global time 
intervals is therefore problematic. Upper Carboniferous foot- 
prints have been recorded in eastern and western United States, 
Germany, France, Italy, England, and Spain (e.g. Haubold and 
Sarjeant, 1973; Gand, 1975; Soler-Gijon and Moratalla, 2001). 
Lucas (2007) noted that this interval is characterized by the 
first appearance of Batrachichnus, Ichniotherium, Dromopus, 
Gilmoreichnus, and Dimetropus, marking the beginning of the 
Dromopus biochron, highlighting the consisteney between the 
track and body-fossil record. 

The Permian tetrapod trackway record is more widespread, 
including localities in Europe, South Africa, South America, 
and North America, and encompasses two intervals (Lucas and 
Hunt, 2006; Lucas, 2007). The Early Permian interval is rep- 
resented by the continuation of the Dromopus biochron, and 
has been extensively reeorded in southern and western United 
States, Canada, and Europe (e.g. Lucas et al, 1999, 2004b; 
Haubold and Lucas, 2001; Avanzini et al., 2001). Trackmakers 
are temnospondyls, “diadectomorphs”, seymouriamorphs, 
proeolophonids, and basal synapsids (pelycosaurs). Dominant 
iehnotaxa include Batrachichnus, Limnopus, Amphisauropus, 
Dromopus (Fig. 13.9a), Varanopus, Hyloidichnus, Ichniotherium, 
Dimetropus (Fig. 13.9b), and Gilmoreichnus (Lucas, 2007). 



The Late Permian interval is illustrated by tetrapod footprints 
in Europe and South Africa (e.g. Smith, 1993), and has been 
referred to as the Rhychosauroides biochron (Lucas, 2007). 
According to this author, paraeiasaurs and dicynodonts are the 
most important trackmakers, with Pachypes, Dicynodontipus, and 
Rhychosauroides being eharacteristic ichnogenera. Interestingly, 
there seems to be a gap in the trackway record that is roughly 
equivalent to the Guadalupian (Middle Permian), and longer 
than the Olson’s gap of the body-fossil record (Lucas, 2004). 

The Triassic tetrapod trackway record is essentially worldwide 
and contains many iehnotaxa with biostratigraphic potential. 
Demathieu (1977, 1994) proposed three main intervals, from the 
Early to the Late Triassic, and Lucas (2007) added a fourth zone 
for the earliest Triassic. The lowermost interval is of Induan age 
(earliest Triassic) and is characterized by dicynodont tracks (e.g. 
Retallack, 1996). The seeond zone eomprises the Olenekian- 
early Anisian (Early Triassie to early Middle Triassic), and is 
known as the Chirothere assemblage, which is dominated by 
archosaur trackways (e.g. Demathieu and Demathieu, 2004). 
Chirotherium is the most common ichnogenus; Isochirotherium, 
Rotodactylus, Brachychirotherium, and Synaptichnium are pre- 
sent locally (e.g. Demathieu, 1977, 1984; Avanzini and Lockley, 
2002; King et al., 2005). The late Middle Triassie interval is 
known as the Dinosauromorph assemblage (Lucas, 2007). 
Although chirothere footprints (e.g. Brachychirotherium) are 
also present, they are rare and the interval is distinguished 
from the Chirothere assemblage by the appearance of tridac- 
tyl bipedal traekways that have been attributed to dinosaur or 
dinosaur-like organisms (Demathieu, 1989; Haubold, 1999) (see 
Section 14.1.5). The Late Triassic interval is represented by the 
Dinosaur assemblage (Lucas, 2007). It is characterized by the 
higher diversity in dinosaur-like and dinosaur footprints, such 
as Tetrasauropus, Pseudotetrasuropus, Grallator (Fig. 13.9c), 
and Atreipus. Attempts have been made to further subdivide 
this interval (e.g. Olsen, 1980; Haubold, 1986; Lockley, 1993; 
Olsen and Huber, 1998; Lockley and Hunt, 1994, 1995). 

The Jurassic tetrapod-footprint record is remarkably wide- 
spread, with dinosaur trackways found in all continents except 
Antarctica (Lucas, 2007). This author recognized two intervals 
within the Jurassic based on dinosaur trackways. The Early 
Jurassic interval is dominated by non-avian theropod footprints. 
This interval is characterized by and the appearance of a number 
of iehnotaxa (e.g. Eubrontes, Anomoepus, and Ameghinichnus) 
and the absence of some ichnogenera typical of the Triassic (e.g. 
Brachychirotherium). Of these, Eubrontes is the most abundant, 
and Lucas (2007) has referred to the base of this interval as 
the Eubrontes datum, stressing the biostratigraphic importance 
of this ichnogenus (e.g. Lockley et ah, 2004). However, this is 
not without problems because Eubrontes has been recorded 
in Upper Triassic rocks, probably reflecting the early appear- 
ance of large theropods (Lucas et ah, 2005). Lockley and Hunt 
(1995) noted that, although Grallator occurs in both Triassic 
and Jurassic rocks, it tends to be smaller in the Triassic. The 
Middle-Late Jurassic interval is characterized by a less sparse 
record and an increase in the size of tracks (Farlow, 1992). 
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Figure 13.9 Vertebrate trackways 
showing restricted stratigraphic 
ranges and commonly used in bio- 
stratigraphy. (a) Dromopus agilis. 
Lower Permian, Hueco Formation, 
Robledo Mountains, New Mexico, 
United States. Scale bar is 1 cm. See 
Hunt et al. (2005). (b) Dimetropus 
leisnerianus. Lower Permian, Hueco 
Formation, Robledo Mountains, 
New Mexico, United States. Scale 
bar is 5 cm. See Hunt et al. (2005). 
(c) Grallatorsulcatus. Upper Triassic, 
Brunswick Formation, Clark 
Quarry, near Milford, New Jersey, 
United States. Scale bar is 5 cm. See 
Olsen et al. (1998). (d) Caririchnium 
leonardii. Lower Cretaceous, 
Dakota Group, Dinosaur Ridge, 
Colorado, United States. Scale bar 
is 10 cm. See Lockley (1987). (e) 
Macrauchenichnus rector. Miocene, 
Toro Negro Formation, Quebrada 
de la Troya, near Vinchina, west- 
ern Argentina. Scale bar is 10 cm. 
See Krapovickas et al. (2009). 
(f) Neomegatherichnium pehuencoen- 
sis. Upper Pleistocene, Pehuen-Co, 
southeastern coast of Buenos Aires 
Province, Argentina. Scale bar is 
10 cm. See Aramayo and Manera 
de Bianco (1996, 2009). 



Theropod (e.g. Carmelopodus and Megalosauripus), sauropod 
(e.g. Gigantosauropus and Parabrontopodus, Breviparopus), 
and ornithopod (e.g. Dinehichnus) trackways occur (Ishigaki, 
1989; Lockley and Hunt, 1995; Lockley and Meyer, 2000; 
Lucas, 2007). Possible refinements in the Jurassic biostrati- 
graphic scheme have been further proposed in other studies (e.g. 
Lockley, 1998; Lockley and Meyer, 2000). 

As with the Jurassic record, the Cretaceous footprint 
record is global in nature, with tracksites known from every 
continent, including Antarctica (Olivero et al., 2007). The 
record is overwhelmingly dominated by dinosaur tracks. 



but bird, pterosaur, and, more rarely, mammal trackways 
also occur (Lucas, 2007). According to this author, the main 
difference with respect to the Jurassic record is the abun- 
dance of large ornithopod trackways in the Cretaceous. Two 
global intervals have been identified, Early Cretaceous and 
Late Cretaceous. The Early Cretaceous tends to be domi- 
nated by sauropod trackways, including the ichnogenera 
Parabrontopodus and Brontopodus, particularly in southern 
United States. Nevertheless, ornithopod trackways occur 
also, with Iguanodontipus and Caririchnium (Fig. 13. 9d) 
being typical ichnotaxon. Bird tracks are also abundant in 
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the Early Cretaceous, commonly associated with lake-margin 
environments, and including the ichnogenera Ignotormis and 
Aquatilavipes (Lockley et al., 1992; Lockley and Rainforth, 
2002). The Late Cretaceous dinosaur-track record differs 
from the Early Cretaceous one in the lower number of sauro- 
pod tracks and in the appearance of ceratopsian, tyranno- 
saurid, and hadrosaurid footprints (Lucas, 2007). Bird tracks 
are also abundant and include the ichnogenera Yacoraitichnus 
and Magnoavipes (Loekley and Rainforth, 2002). 

Although mammal body fossils provide a high-resolution 
biostratigraphy for the Cenozoic, the mammal-track record still 
remains poorly explored (Lucas, 2007). To further complieate 
things, trackways produced by amphibians, reptiles, and birds 
are too uncommon to be used in biostratigraphy. Lucas (2007) 
recognized two global intervals, Paleogene and Neogene based 
on the track record. The Paleogene traek interval is sparse, and 
charaeterized by the abundance of basal ungulates (e.g. Sarjeant 
and Langston, 1994; McCrea et al., 2004). Some Paleogene 
ichnotaxa include the crocodile trackway Albertasuchipes and 
two ichnotaxon attributed to creodont mammals (Sarjeantipes, 
Quirtipes) (Sarjeant et ah, 2002; McCrea et al., 2004). The 
Neogene track interval is richer, and dominated by derived 



ungulates (e.g. Aramayo and Manera de Bianco, 1987a, b, 
1996, 2009; Sarjeant and Reynolds, 1999; Lucas et al., 2002; 
Krapovickas et al., 2009). Some Neogene ichnotaxa attributed 
to mammals are Macraucheniclmus (Fig. 13. 9e), Venatoripes, 
Megatherichnum, Neomegatherichnum, Eumacrauchenichnus, 
and Odocoileinichnum (e.g. Aramayo and Manera de Bianco, 
1987a, b, 1996, 2009; Krapovickas et al., 2009). 

In short, the review by Lucas (2007) indicated that global 
biochronology based on tetrapod trackways resolves geological 
time approximately 20-50% as well as the body-fossil record. 
This resolution is even better than that of invertebrate trace 
fossils used in biostratigraphy (e.g. Cruziana and Rusophycus 
ichnospecies). In addition, because resolution based on skel- 
etal remains is uneven through geological time, the temporal 
resolution of tetrapod footprints may be as good as that of 
body fossils for time intervals characterized by a meager bone 
record (e.g. Carboniferous). As in the case of invertebrate 
trace fossils, tetrapod footprints are particularly useful in the 
absence of skeletal remains. The fact that trackways are com- 
monly found in facies lacking body fossils underscores the 
potential of footprints to fill stratigraphic gaps and to provide 
biostratigraphic information (e.g. Lockley, 1991). 



14 Trace fossils in evolutionary paleoecology 



There is nothing like the Cambrian until the Cambrian. 

Andrew Knoll 
Life on a Young Planet: The First Three 
Billion Years of Evolution on Earth (2004) 

Some of these ideas were already touched upon by Darwin, such as the notion that burrowing organisms have a proportionally large 
impact on their environment, which is now formalized in the concept of ecosystem engineering. Other ideas were unforeseen, such 
as the role that bioturbation had during the Cambrian explosion. This establishes a strong link between Darwin’s bioturbation book 
and On the Origin of Species, a connection that would have certainly astounded the author. 

Filip Meysman, Jack Middelburg, and Carlo Help 
“Bioturbation: a fresh look at Darwin's last idea” (2006) 



Timing is the complex part of simplicity. 

Keith Jarrett 
The Art of Improvisation (2005) 



Because ichnological analysis commonly emphasizes the long 
temporal range of most ichnotaxa (see Section 1.2.8), trace fossils 
have been traditionally overlooked as a source of information in 
macroevolution. However, comparisons of ichnofaunas through 
geological time do reveal the changing ecology of organism- 
substrate interactions. The use of trace fossils in evolutionary 
paleoecology represents a relatively new trend in ichnology that 
is providing important information for our understanding of pat- 
terns and processes in the history of life. In particular, Bambach 
(1983) understood the history of life as a process of colonization 
that implies the exploitation of empty or underutilized ecospace 
(see also Bambach et al., 2007). Trace fossils may provide crucial 
evidence for the recognition of spatial and temporal patterns and 
processes associated with paleoecological breakthroughs (e.g. 
Seilacher, 1956, 1974, 1977b; Crimes, 1994, 2001; Buatois and 
Mangano, 1993b; Buatois etal, 1998c, 2005; Orr, 2001; Mangano 
and Droser, 2004; Uchman, 2004a; Carmona et al, 2004; Jensen 
et al., 2005; Seilacher et al., 2005; Mangano and Buatois, 2007). 

Droser et al. (1997) proposed a hierarchy of paleoecological 
levels that allow for the ranking of ecological changes through 
geological time. First-level changes, the highest level, indicate col- 
onization of a new ecosystem (e.g. terrestrialization), and fourth- 
level changes, at the other end, indicate turnover at the community 
level. This scheme provides a useful way to frame ichnologi- 
cal data having implications in evolutionary paleoecology (e.g. 
Mangano and Droser, 2004). Additionally, we make extensive use 
of the ichnoguild concept (see Section 5.4) in order to evaluate 
ecospace colonization in specific ecosystems through geological 
time. In many instances, trace-fossil evidence demonstrates much 
greater evidence of ecological change than that revealed by body 
fossils alone. The distribution of biogenic structures through geo- 
logical time reveals a process of colonization resulting from the 



exploitation of empty or underutilized ecospace. Secular trends 
include an increase in the diversity of biogenic structures, increase 
in the intensity of bioturbation, addition of new invaders, envi- 
ronmental expansion, and faunal turnovers. In this chapter, we 
summarize the significance of trace-fossil information in evolu- 
tionary paleoecology. In order to do so, we first turn our attention 
to a number of evolutionary events, such as the Cambrian explo- 
sion, the Ordovician radiation, and the different mass extinctions. 
Then, we will address how animal-substrate interactions in vari- 
ous ecosystems have changed through geological time. 

14.1 EVOLUTIONARY EVENTS 



14.1.1 THE EARLY RECORD OE COMPLEX LIEE 

The question about the earliest ichnological evidence of complex 
life (i.e. metazoans) is one of the most controversial in the science 
of organism-sediment interactions. The history of research is 
plagued with frequent reinterpretations, resulting from both the 
continuous scrutiny of Precambrian structures and the specific 
complexities of Precambrian paleobiology. The issue is of utmost 
relevance to understand the origin of metazoans, particularly in 
the absence of consensus on the affinities of many Neoproterozoic 
body fossils (Glaessner, 1984; Seilacher, 1989; Narbonne, 2005). 

Bergstrom (1990) and Crimes (1994) cleverly summarized 
the unfortunate fate of previous candidates for the “oldest 
trace fossil” award. Either structures are inorganic, the rocks 
are younger than originally thought, or the structures are bio- 
genic but younger than the host rock, among other less likely 
alternatives. For example, structures interpreted by Hofmann 
(1967) as new ichnotaxa, Rhysonetron lahtii and R. byei, from 
Lower Proterozoic rocks (2.0 Ga) in Canada, were subsequently 
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reinterpreted by the same author as inorganic (Hofmann, 
1971). Supposed burrow systems described by Clemmey (1976) 
in Mesoproterozoic (1.0 Ga) rocks of Zambia later were reinter- 
preted as traces of modern termites (Cloud et al, 1980). 

More recently, two new candidates have been proposed. 
Seilacher et al. (1998) documented sinusoidal and branched 
structures (the so-called “Chorhat worm burrows”) in rocks 
from India that were eonsidered as Middle Proterozoic in 
age (1.1 Ga). The reception was rather mixed and the actual 
age of the rocks became a controversial issue in itself (Azmi, 
1998; Bagla, 2000; Kumar et al., 2000). Finally, two independ- 
ent teams dated the rocks as 1.6 Ga (Rasmussen et al., 2002a; 
Ray et al., 2002), which would push far back in time the origin 
of metazoans. Considering that one has to wait for more than 
1.0 Ga (well into the Ediacaran) to see truly convincing exam- 
ples of trace fossils, this finding became problematic at best. 
Either the structures are inorganic and the gap is removed, or 
we are forced to admit that the first attempt of metazoan life 
was a failed experiment with a probable extinction event during 
Snowball Earth times. Unsurprisingly, the biogenic nature of 
the structures was subject to further scrutiny and the present 
view is more parsimonious: the structures are not trace fossils 
(Budd and Jensen, 2000, 2004; Conway Morris, 2002; Jensen, 
2003; Hofmann, 2005; Seilacher, 2007a). The second challenging 
example consists of supposed body fossils (Ediacaran-like), sea 
anemone burrows (Bergaueria), and vermiform traces described 
in rocks dated between 1.2 and 2.0 Ga from Western Australia 
(Rasmussen et al., 2002b; Bengtson et al., 2007). However, they 
have been reinterpreted as pseudofossils (Conway Morris, 2002; 
Jensen, 2003; Budd and Jensen, 2004). 

Crimes (1994) considered the possibility of trace fossils in 
pre-Ediacaran rocks highly unlikely. The oldest convincing trace 
fossils come, in fact, from Ediacaran strata that postdate the 
Marinoan Ice Age (Jensen, 2003). Recently, possible trails have 
been reported from 565 My-old deep-water deposits of Mistaken 
Point, Newfoundland, eastern Canada (Liu et al., 2010). Overall, 
the trace-fossil record is consistent with at least some of the more 
recent estimations based on molecular clocks, which suggest an 
Ediacaran origin for bilaterians (Peterson, 2005; Rokas et al., 
2005; Bromham, 2006; Peterson et al., 2008). 

14.1.2 EDIACARAN ECOSYSTEMS 

Ediacaran rocks are characterized by a rather unusual suite 
of structures, containing a wealth of wrinkled surfaces, rip- 
ple patches, palimpsest ripples, and elephant skin structures, 
all suggestive of sediment stabilization by microbial binding 
(Seilacher and Pfliiger, 1994; Seilacher, 1999; Gehling eta/., 2005; 
Dornbos et ah, 2006; Droser et al., 2006; Bottjer and Clapham, 
2006; Mangano and Buatois, 2007). In all probability, micro- 
bial mats were critical components in Ediacaran ecosystems. 
Benthic communities developed in direct association with resist- 
ant matgrounds setting up an anactualistic scenario for early 
marine ecosystems (Seilacher, 1999). Four major categories of 
organism-microbial mat interactions were established during 
the Ediacaran: mat encrusters (attached to the microbial mats). 



mat scratchers (organisms grazing on the microbial mats), mat 
stickers (organisms growing inside of the mats), and undermat 
miners (those who constructed tunnels below the mat). Mat 
encrusters (e.g. Charniodiscus) and mat stickers (e.g. Cloudina) 
are essentially represented by body fossils. On the other hand, 
evidence of the activity of undermat miners and mat scratchers 
is preserved in the ichnological record. Interestingly, undermat 
miners seem to be more common in lowermost Cambrian deep- 
marine deposits than in Ediacaran rocks, being represented by 
the ichnogenus Oldhamia (see Section 14.1.3). 

Trace fossils produced by mat scratchers can be further sub- 
divided into two main groups: those reflecting the activity of 
worm-like metazoans and those recording the interaction of 
vendozoans with the matground (Mangano and Buatois, 2007). 
The most abundant trace fossils in Ediacaran rocks are mat 
grazers that belong to this first group (Gehling, 1999; Seilacher 
et al., 2005; Jensen et al., 2006). These are represented by very 
simple feeding trace fossils, and nonspecialized grazing trails (e.g. 
Helminthoidichnites, Helminthopsis, Gordia) preserved on cor- 
rugated surfaces. Buatois and Mangano (2003a, 2004) placed 
these structures in the Helminthopsis ichnoguild, which consists 
of transitory, near-surface to very shallow-tier, mat-grazer struc- 
tures produced by vagile vermiform animals that exploit organic 
matter concentrated within microbial mats below a thin veneer of 
sediment (Fig. 14.1a-d). Contrary to common belief, these sim- 
ple trails are not emplaced on the surface, but rather within the 
sediment (Seilacher, 1999). However, caution should be exercised 
because some filamentous body fossils can easily be confused 
with grazing trails (Jensen et ah, 2006). In addition, the giant 
protist Gromia sphaerica has been observed producing trails on 
the modern sea bottom (Matz et al., 2008). However, these struc- 
tures are commonly quite straight and shorter than most grazing 
trails attributed to bilaterians. Segmented burrows reflecting peri- 
staltic locomotion are less common, but may be represented by 
Torrowangea (Narbonne and Aitken, 1990; Seilacher et al., 2005). 
Because of the controversial nature of most of the Ediacaran 
body fossils, these trace fossils represent the clearest evidence of 
triploblastic organisms in the Neoproterozoic (Seilacher, 1989). 

In recent years, evidence accumulated to demonstrate a dir- 
ect link between Ediacaran trace fossils and their producers. 
Ediacaran shallow-marine deposits of the White Sea and south 
Australia contain serially repeated resting traces of Dickinsonia 
and the related genus Yorgia (Ivantsov and Malakhovskaya, 2002; 
Fedonkin, 2003; Gehling et al., 2005). The body fossils Yorgia 
waggoneri and Dickinsonia tenuis were found in direct association 
with their trace fossils (Ivantsov and Malakhovskaya, 2002). The 
absence of preserved trails linking the resting traces suggests 
that the substrate did not record any locomotion disrupting the 
biomats (Gehling et al, 2005). Recently, Sperling and Vinther 
(2010) suggested that these trace fossils indicate that Dickinsonia 
externally digested the mat using its entire lower sole. In add- 
ition, these authors noted that the ability of Dickinsonia to move 
militates against an algal, fungal, or sponge affinity, and that the 
combined locomotion and feeding mode suggest affinities with 
placozoans. However, a different interpretation has been pro- 
posed by Mcllroy et al. (2009) who, based on experimental work. 
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Figure 14.1 Representative trace fossils from the Ediacaran. (a) Helminthoidichnites tenuis (Ht) associated with wrinkle marks (Wm) suggestive 
of microbial mats. Arondegas Formation, Vanrhynsdorp Group, Arondegas Farm, South Africa. Scale bar is 1 cm. See Buatois et al. (2007c). (b) 
Helminthopsis tenuis. Ediacara Member, Rawnsley Quartzite, Pound Subgroup, Flinders Ranges, southern Australia. Scale bar is 1 cm. See Gehling 
et al. (2005). (c) Helminthopsis tenuis in unusually coarse-grained sandstone Ediacara Member, Rawnsley Quartzite, Pound Subgroup, Flinders 
Ranges, southern Australia. Coin is 1.9 cm. See Gehling et al. (2005). (d) Archaeonassa fossulata. Ediacara Member, Rawnsley Quartzite, Pound 
Subgroup, Flinders Ranges, southern Australia. Scale bar is 1 cm. (e) Radular marks attributed to the ichnogenus Radulichnus (Rn) in direct asso- 
ciation with the producer, the protomollusck Kimberella quadrata (Ki). Note also the presence of Dickinsonia (Di). Ediacara Member, Rawnsley 
Quartzite, Pound Subgroup, Flinders Ranges, southern Australia. Scale bar is 5 cm. See Seilacher (2008). 



suggested that the passive movement of dead organisms upon a 
microbial mat may have produced multiple impressions of body 
tissues mimicking a trace fossil. 

Another match between producer and trace fossil is illus- 
trated by the postulated primitive molluscan Kimberella 



(Fedonkin and Waggoner, 1997; but see Budd and Jensen, 2003, 
for a more basal phylogenetic position) and the scratches pro- 
duced on microbial mats by its paired radular teeth (Seilacher, 
1997; Fedonkin, 2003; Seilacher et al., 2005; Gehling et al., 
2005; Fedonkin et al., 2007). Analysis of small specimens of 
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L. Ediac. U. Ediac. Fortunian Cam. Cam. Cam. 

Zone Zone State 2 State 3 State 4 

Figure 14.2 Ichnodiversity changes through the Ediacaran-Cambrian. No formal stratigraphic division is accepted yet for the Ediacaran, but two 
stratigraphic zones have been used here based on work by Jensen (2003). Although ichnodiversity levels remained more or less the same in these 
two zones, the upper Ediacaran zone is characterized by the appearance of more complex forms, such as Treptichnus, Streptichnus, and three-lobate 
trace fossils similar to Curvolithiis. However, other forms present in the lower Ediacaran zone (e.g. Radulichnus, Nenoxites, Dickinsonid trace fossils) 
have not been recorded in the upper Ediacaran zone. Note sharp increase of trace-fossil diversity at the beginning of the Cambrian (Fortunian) and 
at the beginning of the Cambrian Series 2 (base of Cambrian Stage 3). The ichnodiversity curves were compiled at the ichnogenus level because the 
taxonomy is more firmly established than for ichnospecies. 



Kimberella, and the fan-like arrangement of scratch marks 
indicate that the animal must have used a proboscis-like 
device to rasp on the microbial mat (Gehling et al., 2005) 
(Fig. 14. le). 

The previous summary was essentially based on shallow- 
marine strata (e.g. Flinders Ranges, Australia, White Sea, 
Russia, Namibia, and South Africa) and, therefore, provides 
evidence on nearshore to offshore ecosystems. However, ichno- 
logical information is also available from deep-marine deposits 
(e.g. North Carolina, Mackenzie Mountains, Canada and cen- 
tral Spain), indicating that deep-sea bottoms were colonized 
by benthic animals already in Ediacaran times (Narbonne 
and Aitken, 1990; Vidal et ah, 1994; MacNaughton et al., 
2000; Orr, 2001; Crimes, 2001; Seilacher et al., 2005; Liu et al., 
2010). In fact, the oldest trace fossils are known from deep- 
marine deposits rather than shallow-water deposits (Liu et al., 
2010). The colonization of the deep sea records a first-level 
ecological change. Ediacaran deep-marine ichnofaunas are 
poorly diverse and are dominated by nonspecialized grazing 
trails (e.g. Helminthopsis, Helminthoidichnites) associated with 
structures indicative of microbial mats (see Section 14.2.2). 
The body-fossil record further supports colonization of deep- 



sea bottoms during the terminal Proterozoic (Narbonne, 1998, 
2005; Narbonne and Gehling, 2003; Clapham et al., 2003; 
Grazhdankin, 2004). 

Recent studies in Ediacaran ichnofaunas are changing our 
view of ichnodiversity levels by the end of the Proterozoic 
(Pig. 14.2). Previous studies listed a large number of ichnotaxa 
for the Ediacaran period (e.g. Runnegar, 1992a; Crimes, 1994). 
However, the emerging view is that Neoproterozoic ichnofau- 
nas are of limited diversity and complexity (Jensen, 2003; 
Seilacher et al., 2003, 2005; Mangano and Buatois, 2004c, 
2007; Jensen et al., 2005, 2006; Droser et al., 2005, 2006). 
This shift reflects a reinterpretation of the trace-fossil nature 
of most ichnogenera that were considered exclusive of the 
Ediacaran (Group 1 of Alpert, 1977) (Haines, 2000; Gehling 
et al., 2000, 2005; Jensen, 2003; Seilacher et al., 2003, 2005; 
Jensen et ah, 2006). Supposedly guided meandering trails, 
such as Yelovichnus and Palaeopascichnus, have been reinter- 
preted either as algal remains (Haines, 2000) or body fossils of 
xenophyophorean protozoans (Seilacher et al., 2003, 2005) or 
tubicolous animals (Shen et al., 2007) (but see Zhuravlev et al., 
2009). Harlaniella, a rope-like structure regarded as a trace fos- 
sil, is now considered a body fossil related to Palaeopascichnus 
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(Jensen, 2003; Jensen et ah, 2006). The subcircular blob 
Intrites is now regarded as a body fossil of uncertain affinities 
(Gehling et al., 2000). In particular, Jensen et al. (2006) pro- 
vided a detailed table summarizing current re-evaluations of 
Ediacaran ichnofossils. 

Problems also become evident with other ichnotaxa that 
occur through all or most of the Phanerozoic, and whose sup- 
posed presence in the Neoproterozoic has been pointed out 
in several compilations. For example, unquestionable speci- 
mens of vertical burrows, such as Skolithos or Diplocraterion, 
have not been documented from Ediacaran strata (Seilacher 
et al., 2005; Jensen et al., 2006). The presence of branched bur- 
row systems in Ediacaran rocks is controversial. Chondrites 
has been mentioned in Ediacaran strata (e.g. Jenkins, 1995). 
However, these structures are commonly preserved as fur- 
rows that lack the characteristic burrow fill. More recently, 
they have been reinterpreted as poorly preserved specimens 
of body fossils or as overlap of unbranched trace fossils 
(Seilacher et al., 2005; Jensen et al., 2006). The radial structure 
Mawsonites is no longer considered a trace fossil (Runnegar, 
1992b; Seilacher et al., 2005; Jensen et al., 2006). However, 
very shallow, three-dimensional burrow systems (Treptichnus 
and Streptichnus) occur in the uppermost Ediacaran, record- 
ing incipient exploitation of the infaunal ecospace and a slight 
increase in trace fossil complexity (Jensen et al., 2000; Jensen 
and Runnegar, 2005). In addition, an increase in size seems to 
have occurred by the end of the Neoproterozoic as suggested 
by the presence of large horizontal trace fossils in Ediacaran 
rocks (Buatois et al., 2007c). 

14.1.3 THE CAMBRIAN EXPLOSION 

The Ediacaran-Cambrian boundary constitutes a major divide 
in the history of life on Earth (Knoll et al., 2006). Ediacaran 
biotas were dominated by soft-bodied organisms that are con- 
sidered at least in part to be unrelated to modern metazoan fau- 
nas (Seilacher, 1992b; Seilacher et al., 2003; Narbonne, 2004, 
2005). On the other hand, the rapid development of almost all 
modern groups of animals, including the rise of skeletal fau- 
nas, took place during the Cambrian, in a major evolutionary 
event known as the Cambrian explosion (Conway Morris, 2000; 
Erwin, 2001; Droser and Li, 2001; Budd, 2003; Valentine, 2004; 
Marshall, 2006). Our understanding of the Cambrian explosion 
has implications for several key topics, including the origin of 
metazoan bodyplans, the role of developmental genetics, the 
validity of molecular clocks, and the influence of paleoenvir- 
onmental factors on macroevolution (Conway Morris, 2000). 
Although most evolutionary studies dealing with the Ediacaran- 
Cambrian transition have been based on the analysis of body 
fossils, the ichnological record provides an independent line 
of evidence to calibrate and evaluate the Cambrian explosion 
(Mangano and Buatois, 2007). This is of paramount import- 
ance because there is still no agreement whether the Cambrian 
explosion is a real evolutionary event or a preservational arti- 
fact that reflects an increase in fossilization potential (Valentine, 



2004). It is evident that the Cambrian was a unique time in the 
history of life. Paraphrasing Andrew Knoll, it is also fair to say 
that there is nothing like the Cambrian after the Cambrian. 

The diversity of Neoproterozoic ichnofaunas is generally low, 
and behavioral complexity is also limited (see Section 14.1.2). 
By the Fortunian (lowermost Cambrian), this picture changed 
with the appearance of much more diverse and complex ichno- 
faunas, particularly in shallow-marine environments (Fig. 14.2). 
Another increase in trace-fossil diversity again mostly in shal- 
low-marine settings took place by the beginning of Cambrian 
Stage 3 (Fig. 14.2). Relatively diverse ichnofaunas composed 
of arthropod trackways, such as Diplichnites (Fig. 14.3a) and 
Dimorphichnus, the arthropod resting trace Rusophycus, com- 
plex grazing trace fossils (e.g. Psammichnites), the sinusoidal 
trail Cochlichnus (Fig. 14.3b), bilobate locomotion trace fos- 
sils (e.g. Didymaulichnus), branched feeding burrows of deposit 
feeders, including Treptichnus pedum (Fig. 14.3c), and com- 
plex feeding patterns included in the ichnogenus Oldhamia are 
known worldwide in lowermost Cambrian strata (Buatois and 
Mangano, 2004b, and references therein). Systematic guided 
meanders, such as those present in Psammichnites saltensis (Fig. 
14.3d) and the elaborate feeding morphologies displayed by 
various ichnospecies of Oldhamia (Fig. 14. 3e) reveal the onset 
of sophisticated grazing strategies that were notably absent dur- 
ing the Ediacaran (Seilacher et al., 2005). Also, the large size 
of earliest Cambrian trace fossils (e.g. Psammichnites) con- 
trasts with the typical small size of most Ediacaran trace fos- 
sils. In contrast to the rather monotonous aspect of Ediacaran 
ichnofaunas (see Section 14.1.2), Fortunian shallow-marine 
ichnofaunas display more varied behavioral patterns. This fact 
undoubtedly reflects the appearance of a number of body plans 
of soft-bodied organisms, which cannot be fully evaluated based 
on the analysis of the body fossil record alone. 

Lowermost Cambrian trace fossils are typically oriented 
parallel to the bedding plane, and, therefore, they do not sig- 
nificantly disturb the primary sedimentary fabric (Mcllroy and 
Logan, 1999; Buatois and Mangano, 2004b; Mangano and 
Buatois, 2004c, 2006). Fortunian trace fossils mostly reflect 
shallow to very shallow infaunal feeding activities of mobile, 
bilaterian metazoans. As a consequence of being restricted to 
bedding planes, the degree of bioturbation is only slightly higher 
than that of Ediacaran deposits. As in the case of Ediacaran 
rocks, there is a conspicuous absence of Skolithos pipe rock in 
Eortunian strata (Mangano and Buatois, 2004c, 2007). Vertically 
oriented trace fossils are only represented by shallow specimens 
of Gyrolithes (Droser et al., 2002, 2004). This limited extent and 
depth of bioturbation resulted in the widespread development 
of relatively firm substrates and the virtual absence of a mixed 
layer within the substrate (Droser et al., 2002, 2004; Dornbos 
et al., 2004, 2005; Jensen et ah, 2005; Mangano et al., 2007). 

In contrast to Fortunian ichnofaunas, Cambrian Stage 2 
trace-fossil assemblages are characterized by the appearance 
of vertical dwelling structures {Skolithos, Diplocraterion, and 
Arenicolites) of suspension feeders and passive predators, 
reflecting the onset of deep bioturbation, and the establishment 
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Figure 14.3 Trace-fossil variability 
and the Cambrian explosion. Note 
the wide variety of morphological pat- 
terns attained by the Early Cambrian, 
(a) Diplichnites isp. Puncoviscana 
Formation, San Antonio de los 
Cobres, northwest Argentina. 
Scale bar is 1 cm. See Buatois and 
Mangano (2003a). (b) Cochlichnus 
angumeus. Puncoviscana Formation, 
San Antonio de los Cobres, north- 
west Argentina. Scale bar is 1 cm. 
See Buatois and Mangano (2003a). 
(c) Treptichnus pedum. Klipbak 
Formations, Brandkop Subgroup, 
Gannabos Farm, South Africa. 
Scale bar is 1 cm. See Buatois et al. 
(2007c). (d) Psammichnites saltensis. 
Puncoviscana Formation, Cachi, 
northwest Argentina. Scale bar is 2 cm. 
See Buatois and Mangano (2004b). 
(e) Oldhamia alata. Puncoviscana 
Formation, el Mollar, Quebrada 
del Toro, northwest Argentina. 
Scale bar is 1 cm. See Seilacher et 
at. (2005). (f) Diplocraterion paralle- 
lum. Dividalen Group, Imobekken, 
northern Norway. Scale bar is 2 cm. 
See Bromley and Flanken (1991). (g) 
Syringomorpha nils.mni in an erratic 
block, Kiersgoube Pastz, Berlin, 
Germany. Scale bar is 1 cm. (h) 
Rusophycus jenningsi. Lake Louise 
Formation, Gog Group, Lake O’Hara, 
Canadian Rockies, (i) Dactyloidites 
asteroides. Metawee Slate Formation, 
vicinity of Middle Granville, New 
York State, northeastern United 
States. Scale bar is 1 cm. 



of the Skolithos ichnofacies in high-energy settings (Fig. 14. 3Q. 
These vertical burrows may occur in prolific densities forming 
Skolithos pipe rock (Droser, 1991). Additionally, the J-shaped 
spreite trace fossil Syringomorpha (Fig. 14. 3g) may occur in 
similar settings, forming distinct ichnofabrics (Mangano and 
Buatois, 2004b) (see Box 5.1). While Fortunian ichnofau- 
nas were emplaced very close to the sediment-water inter- 
face, younger Lower Cambrian ichnofaunas reflect burrowing 
depths in the order of tens of centimeter, revealing an exponen- 
tial increase in the depth of bioturbation of suspension-feeding 
organisms (Mangano and Buatois, 2004c, 2007). Also, detailed 
ichnological analysis in shallow-marine environments reveals a 
more complex tiering structure with the development of mul- 
tiple guilds (Mangano and Buatois, 2004b). This increase in 
depth of bioturbation is not exclusive of high-energy nearshore 
areas, but also of lower-energy settings, where deep Rusophycus, 
such as R. jenningsi (Fig. 14. 3h) and R. dispar, became com- 
mon. In any case, the tiering structure is much simpler than that 



in younger ichnofaunas. During the Cambrian Stages 2 to 3, 
matgrounds became rare due to the onset of vertical bioturb- 
ation, and were replaced by mixgrounds in an event referred 
to as the “Agronomic Revolution” (Seilacher and Pfluger, 1994; 
Seilacher, 1999). This dramatic change at the biosphere scale was 
conducive to a remarkable change in the way living organisms 
interacted with the substrate (“Cambrian Substrate Revolution” 
of Bottjer et al., 2000). Also, archaeocyathid reefs containing 
high densities of Trypanites are present in Lower Cambrian 
hardgrounds, revealing bioerosion by a macroboring biota 
(James et al., 1977) (see Section 14.2.3). Additionally, increas- 
ing levels of predation were implicated in an arms race, spurring 
the development of complex predatory-prey interactions, and 
spurring evolutionary innovations (Vermeij, 1987). The role of 
predation as a triggering factor in the thorough exploitation of 
the infaunal ecospace has been a matter of debate. Evaluating 
extrinsic and intrinsic factors at the onset of the Cambrian 
explosion and the Agronomic Revolution is not easy (Marshall, 
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2006) . In any case, evidence of predation has been detected in 
some Lower Cambrian deep burrowing Rusophycus directly 
associated with Palaeophycus (Jensen, 1990). 

In addition to the noted changes in substrate conditions and 
predation intensity, it has recently been emphasized that the 
increased complexity and heterogeneity of marine environments 
may have played a major role as a driving force of evolutionary 
changes across the Ediacaran-Cambrian boundary (Plotnick, 
2007; Plotnick et al., 2010). The distribution of environmental 
signals in the marine ecosystem that an organism can poten- 
tially respond to has been termed its “information landscape”. 
It has been hypothesized that a coevolutionary increase in the 
information content of the marine environment and in the abil- 
ity of animals to obtain and process this information took place 
during the Cambrian explosion. According to this view, these 
facts may have resulted in the development of mobile bilateri- 
ans with macroscopic sense organs. This evolutionary event has 
been referred to as the “Cambrian Information Revolution” 
(Plotnick et ah, 2010). The trace-fossil record of this revolu- 
tion is most likely expressed by the appearance of grazing trails 
and feeding burrows, displaying more sophisticated strategies 
to exploit resources in an heterogeneous landscape (e.g. Gamez 
Vintaned et al., 2006) (Fig. 14.3d-e, and i). 

The presence of multiple trophic guilds, and a well-established 
suspension-feeding infauna represented by abundant pipe rock 
in Cambrian Stages 2 to 3 strata provide evidence of a signifi- 
cant change in complexity of shallow-marine benthic commu- 
nities, suggesting a coupling between plankton and benthos 
(Mangano and Buatois, 2004b, 2006, 2007; Mangano et al, 

2007) . Butterfield (2001) suggested that the appearance of filter- 



feeding mesozooplankton were crucial in metazoan evolution. 
In fact, the addition of mesozooplankton to the trophic web 
may have acted as a trigger not only for the evolution of large 
metazoa, but also for the advent of the Agronomic Revolution. 
By repacking unicellular phytoplankton as nutrient-rich lar- 
ger particles, zooplankton provides a more concentrated and 
exploitable resource for the benthos (Butterfield, 2001). This sig- 
nificant increase in the delivery of labile, nutrient-rich particles 
into the sediment may be behind the most significant change 
in the history of benthic ecology: the shift from matgrounds to 
mixgrounds. Mangano and Buatois (2004c, 2007) noted that ich- 
nological evidence suggests that the presence of metazoa able 
to exploit the endobenthic environment preceded the establish- 
ment of a modern endobenthic ecological structure (i.e. mix- 
ground ecology). According to the decoupling hypothesis, the 
Cambrian evolutionary event consists of two phases: diversifi- 
cation of body plans during the Fortunian and a subsequent 
infaunalization and ecological shift during Cambrian Stages 2 
and 3. Therefore, the Agronomic Revolution is not strictly coin- 
cident with the Ediacaran-Cambrian boundary. Although the 
body fossil record indicates the appearance of most of the major 
clades at the Cambrian Stage 3, the presence of rich ichnofaunas 
revealing diverse body plans during the Fortunian indicates the 
existence of a fuse time previous to what is commonly referred to 
as the Cambrian explosion (Mangano and Buatois, 2006). 

Lower Cambrian ichnofaunas display segregation into two 
distinct environmentally related trace-fossil associations: shal- 
low- and deep-marine (e.g. Buatois and Mangano, 2004b). 
Shallow-marine ichnofaunas are relatively diverse and complex 
(Box 14.1), but deep-marine trace-fossil assemblages essentially 



Box 14.1 The Lower Cambrian Mickitzia Sandstone of Sweden and the Cambrian explosion 

The Mickitzia Sandstone of Sweden contains one of the best documented Lower Cambrian ichnofaunas, and is essential to 
understanding the level of complexity reached by shallow-marine benthic communities at this early stage of metazoan evo- 
lution. Acritarch data indicate that this unit ranges in age from Cambrian Stage 3 to Stage 4. Forty one different ichnotaxa 
have been documented. The most outstanding feature of this ichnofauna is the wide variety of morphological and ethological 
types (Fig. 14.4a-e). The Mickitzia ichnofauna includes plug-shaped dwelling or resting burrows of actinarians (Bergaueria 
perata), sinusoidal grazing trails of nematodes or annelids (Cochlichnus isp.), arthropod locomotion (Cruziana prohlematica 
and Cruziana rusoformis, and Cruziana cf rusoformis), resting {Rusophycus dispar, Rusophycus jenningsi, Rusophycus euten- 
dorfensis), and dwelling (Cheiichnus gothicus) trace fossils commonly with distinctive scratch marks, vertical dwelling bur- 
rows (Diplocraterion parallelum, Skolithos linearis), concentrically filled conical vertical dwelling burrows of polychaetes 
{Rosselia socialis), spiral-shaped dwelling burrows of polychaetes (Gyrolithes polonicus), J-shaped vertical feeding burrows 
(Syringomorpha nilssoni), simple grazing trails of worm-like organisms (Helminthoidichnites tenuis), simple horizontal dwelling 
burrows of worm-like organisms (Palaeophycus imbricatus, Palaeophycus tubularis, Palaeophycus tubularis), annulated burrows 
(Fustiglyphus isp.), irregular feeding networks (Olenichnus isp.), branched feeding burrows of worm-like organisms, including 
priapulids (Phycodes cf curvipalmatum, Phycodes palmatus, Treptichnus bifurcus, Treptichnus pedum), spreite simple feeding 
burrows possibly produced by annelids, priapulids, or trilobites (Teic/u'c/wux ovillus and Trichophycus venosus), spreite U-shaped 
feeding burrows (Rhizocorallium jenense), radiating feeding burrows (Scotolithos mirabilis), and spreite lobate feeding burrows 
(Zoophycos isp.). The Mickitzia ichnofauna displays a sharp contrast with their Ediacaran counterparts of shallow-marine 
environments, which are remarkably less diverse and much simpler. Characterization of the Mickitzia ichnofauna illustrates 
the profound ecological and evolutionary changes resulting from the Cambrian explosion and the Agronomic Revolution. 

Reference: Jensen (1997); Jensen and Bergstrom (2000). 
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Figure 14.4 Selected trace fossils 
from the Lower Cambrian Mickitzia 
Sandstone, Vastergotland, Sweden. 
See Jensen (1997). (a) Rusophycus 
dispar. Scale bar is 1 cm. (b) 
Cheiichnus gothicus. Scale bar is 
2 cm. (c) Trichophycus venosus. Coin 
is 1.9 cm. (d) Gyrolithes polonicus. 
Coin is 1.9 cm. (e) Dimorphichnus 
obliquus. Scale bar is 2 cm. 



consist of simple grazing trails, arthropod trackways, and dif- 
ferent ichnospecies of the specialized undermat miner feeding 
structure Oldhamia (Buatois and Mangano, 2003a). This asso- 
ciation indicates that microbial matground ecology persisted 
in the deep sea during the Early Cambrian, representing a 
Proterozoic “hangover” (see Section 14.2.2). This idea is con- 
sistent with the notion of archaic relics taking refuge in the 
deep sea (e.g. Conway Morris, 1989). Oldhamia flourished in 
Early Cambrian deep-marine environments, experiencing a 
remarkable behavioral diversiflcation as revealed by a great 
diversity of ichnospecies (Seilacher et al., 2005). Oldhamia- 
dominated assemblages in microbial-mat ecosystems persisted 
in the deep sea after the rise of vertical bioturbation in shal- 
low seas, suggesting a gradual closure of a taphonomic win- 
dow during the Ediacaran-Cambrian transition (Buatois and 
Mangano, 2004b). This is consistent with the recognition of 
Ediacara-type body fossils in Cambrian strata (Gehling et al.. 



1998; Jensen et al, 1998; Crimes and Mcllroy, 1999; Hagadorn 
et al, 2000; Shu et al., 2006). 

In addition to fully marine environments. Lower Cambrian 
ichnofaunas have been documented from marginal-marine set- 
tings (e.g. Mangano and Buatois, 2004b; Baldwin et ah, 2004; 
Mangano et al., 2007), revealing that representatives of the 
Cambrian evolutionary fauna were able to colonize brackish- 
water environments (see Section 14.2.5). Although the scar- 
city of land plants was probably a major limiting factor in 
colonization of marginal-marine systems, documentation of 
Cambrian cryptospores suggests the presence of plants with 
one or more life-cycle phases on land (Strother and Beck, 2000; 
Strother, 2000). In contrast to complex modern estuarine food 
webs, Cambrian web chains in marginal-marine ecosystems 
were mostly marine-based, with acritarchs and algae being 
primary producers. However, a nascent terrestrial flora may 
have played a role in these ancient food webs (Mangano and 
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Figure 14.5 Ichnodiversity changes 
through the Ordovician (after 
Mangano and Droser, 2004). The 
ichnodiversity curves were compiled 
at the ichnogenus level. The ichno- 
generic compilation was plotted as 
“range-through” data. Total curve 
includes not only shallow- and 
deep-marine ichnofossils but also 
continental trace fossils and bor- 
ing ichnotaxa. The shallow-marine 
curve does not include borings. 



Buatois, 2004b). Although tiering structure remains simple in 
marginal-marine environments, ichnoguild analysis reflects an 
incipient exploitation of food resources, recording the activity 
of a benthos that developed in the aftermath of the Agronomic 
Revolution (Mangano et ah, 2007). 

14.1.4 THE ORDOVICIAN RADIATION 

As in the case of the Cambrian explosion, most of our knowledge 
of the Ordovician radiation comes from the body-fossil record 
(e.g. Sepkoski, 1995; Sheehan, 2001; Droser and Finnegan, 2003). 
Some studies, however, have focused on the information potential 
of ichnological data (Mangano and Droser, 2004). In contrast to 
previous views, analysis of ichnodiversity indicates a continuous 
increase in ichnogeneric diversity through the Ordovician, with 
the number of shallow-marine ichnogenera doubling from the 
Tremadocian to the Ashgill (Mangano and Droser, 2004) (Fig. 
14.5). This increase parallels substantial changes in the nature of 
biofabrics (Kidwell and Brenchley, 1994; Li and Droser, 1999; 
Droser and Li, 2001) and compositional turnovers by the dom- 
inant bioturbators of shallow-water environments. 

Lower Ordovician ichnofaunas from shallow-marine silici- 
clastic deposits tend to be dominated by trilobite trace fossils, 
which record a significant turnover in peri-Gondwanan settings. 
Elements of the Cruziana semiplicata group (Upper Cambrian- 
Tremadocian) are replaced by elements of the Cruziana rugosa 
group by the Late Tremadocian (see Section 13.2). This change 
in ichnotaxonomic composition parallels the replacement of 
olenid-dominated communities by saphid-dominated communi- 
ties (Waisfeld et al., 1999, 2003). Other common components of 
the Cruziana ichnofacies in Lower Ordovician strata are vermi- 
form structures such as Planolites, Palaeophycus, Trichophycus, 
Treptichnus, Teichichnus, and Phycodes. 



Middle to Late Ordovician shallow-marine siliciclastic ichnofau- 
nas commonly display more ethological variability. Although still 
relatively abundant, trilobite trace fossils are rarely the dominant 
component in open-marine clastic deposits, most likely reflecting 
the development of multiple tiers and the establishment of a well- 
developed mixed layer (Droser et ah, 2004). Mangano and Droser 
(2004) noted that the dominant patterns include branched, sprei- 
ten burrow systems (e.g. Phycodes and Trichophycus), branched, 
annulated burrow systems (e.g. Arthrophycus), branched burrow 
mazes and boxworks (e.g. Thalassinoides), dumbbell-shaped traces 
(e.g. Arthraria), and chevronate structures (e.g. Protovirgularia). 
Most of these behavioral architectures were present in Cambrian 
and Lower Ordovician rocks already, but generally were subor- 
dinate in abundance and diversity to trilobite and other arthro- 
pod trace fossils. 

In general, the tiering structure of Ordovician shallow-ma- 
rine siliciclastic resident communities is more complex than 
that of Cambrian biotas. On the other hand, the post-deposi- 
tional suite, which commonly reflects the work of opportunis- 
tic organisms, seems to be less sensitive to evolutionary events, 
being mostly recorded by vertical suspension feeder structures, 
such as Skolithos, Arenicolites, and Diplocraterion (Mangano 
and Buatois, 2003a). 

In contrast to siliciclastic shallow-marine settings, carbonate 
softgrounds do not show a significant increase in ichnodiversity 
through the Ordovician, but rather reveal increased ecospace util- 
ization and tiering complexity (Droser and Bottjer, 1989; Mangano 
and Droser, 2004). Colonization of carbonate substrates may have 
lagged behind that of siliciclastic deposits. Ichnofabric evidence 
indicates an onshore-offshore pattern. Intense bioturbation first 
developed in shallow-water environments and only later in the 
offshore (Droser and Bottjer, 1989). Inner-shelf carbonates of 
the Great Basin in the western United States reveal two major 
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increases in the extent and depth of bioturbation during the early 
Paleozoic: the first one between pre-trilobite and trilobite-bearing 
Cambrian rocks, and the second between the Middle and Late 
Ordovician (Droser and Bottjer, 1989). 

The Ordovician increase in bioturbation seems to have 
resulted, in part, from an increase in the size of discrete struc- 
tures (Droser and Bottjer, 1989). Although Thalassinoid.es is pre- 
sent in Cambrian and Lower Ordovician rocks, specimens are 
typically small, architecturally simpler, and commonly form two- 
dimensional networks (e.g. Myrow, 1995). In contrast. Middle 
to Upper Ordovician Thalassinoides burrow systems tend to be 
larger and deeper, and display classie “T” and “Y” branching 
(Sheehan and Sehiefelbein, 1984). These Thalassinoides burrow 
systems resemble modern structures produced by decapod crus- 
taceans recording extensive reworking with severe obliteration of 
primary struetures (Sheehan and Sehiefelbein, 1984; Droser and 
Bottjer, 1989; Carmonaetfl/., 2004). In spite of this general trend, 
Thalassinoides burrows from Upper Cambrian-Tremadocian 
lagoonal carbonates in the Argentinean Precordillera display 
unquestionable three-dimensional morphology, suggesting an 
earlier origin of boxwork architecture (Canas, 1995; Mangano 
and Buatois, 2003a). Although Ordovician Thalassinoides has 
typical boxwork architecture, unquestioned scratch mark orna- 
mentation has not been recorded in early Paleozoic galleries 
(Carmona et ah, 2004). Furthermore, early Paleozoic examples 
largely predate the first occurrence of decapod crustacean body 
fossils in the Devonian (Schram et al., 1978). Therefore, these 
burrow systems were most likely produced by other malacostra- 
cans (e.g. phyllocarids) or unrelated clades (e.g. enteropneusts) 
as a result of behavioral convergence (Carmona et ai, 2004). In 
addition to those changes operating in carbonate softgrounds, 
significant changes in the evolution of macroboring organisms 
occurred in shallow-water hardgrounds during the Ordovician, 
resulting in the so-called Ordovician Bioerosion Revolution 
(Wilson and Palmer, 2006) (see Section 14.2.3). 

The Ordovician radiation was not restricted to shallow-marine 
environments, but also represents a breakthrough in the deep sea, 
where ichnofaunas attained a much more modern aspect in com- 
parison with their Ediacaran-Cambrian counterparts marking 
the real onset of the Nereites ichnofacies (see Section 14.2.2). 
Further changes took place in marginal-marine (see Section 
14.2.5) and continental (see Section 14.2.6) ecosystems, reveal- 
ing the environmental breadth of the Ordovician radiation. 

14.1.5 THE ORIGIN OF DINOSAURS 

The oldest skeletal remains of dinosaurs are known from the 
Late Triassic (e.g. Sereno and Novas, 1992). However, Early and 
Middle Triassic trackways attributed to dinosaurs have been 
mentioned in the literature. Wills and Sarjeant (1970) docu- 
mented several trackways from Lower Triassic borehole cores in 
England which were attributed to small coelurosaur dinosaurs. 
However, subsequent reviews reinterpreted these structures as 
ripple marks, mud rip-up clasts, and possible limulid trackways 
(Thulborn, 1990; King and Benton, 1996). Sarjeant (1967) 
documented a Middle Triassic tracksite from England, which 



included footprints attributed to small theropods and prosau- 
ropods. Subsequent work by King and Benton (1996) placed 
them in the archosaur trackway Chirotherium, while Sarjeant 
(1996) reinterpreted some of them as Chirotherium and others 
as crocodilian trackways. 

The strongest ichnological evidence for an earlier origin of 
dinosaurs comes from the Middle Triassic of continental Europe 
and Argentina. In France, Demathieu (1989) described track- 
ways that have a strong similarity with Grallator, a dinosaur 
trackway recorded in Late Triassic and Jurassic rocks. Lockley 
and Meyer (2000) concluded that these are either the oldest 
dinosaur trackways or they were produced by non-dinosau- 
rian archosaurs. In Germany, Haubold and Klein (2000, 2002) 
documented tridactyl pedes of bipeds [Grallator) and quadru- 
peds (Atreipus), whieh were regarded as having been produced 
by early dinosaurs and dinosauriforms, respectively. Avanzini 
(2002) described isolated small tridactyl imprints from Italy and 
attributed them to dinosauromorphs. Middle Triassic rocks of 
western Argentina contain large tridactyl footprints attributed 
to theropods (Arcucci eta/., 1995;Forstereta/., 1995; Marsicano 
et al., 2004). A reeent analysis by Marsicano et al. (2007) docu- 
mented a more diverse track assemblage, but indicated that no 
synapomorphies are preserved in the three-toed footprints that 
might allow discrimination among theropods, basal saurischi- 
ans, and basal ornithischian groups as trackmakers. In any case, 
the trace-fossil record seems to suggest a Middle Triassic history 
of dinosaurs, predating the earliest occurrence of body fossils 
(Marsicano et al., 2007) (Fig. 14.6). 

14.1.6 MASS EXTINCTIONS 

The potential of trace fossils to explain mass-extinction events 
has been realized only recently (e.g. Twitehett and Wignall, 1996; 
Twitchett and Barras, 2004). Of the “Big Five” mass extinetions, 
research has focused on the end-Permian (e.g. Twitehett and 
Wignall, 1996; Twitchett, 1999; Pruss and Bottjer, 2004; Wetzel 
et al., 2007) and end-Cretaceous (e.g. Ekdale and Bromley, 
1984b; Savrda 1993; Rodriguez-Tovar, 2005; Rodriguez-Tovar 
and Uchman, 2006, 2008) events. A more limited ichnological 
dataset is available for the end-Ordovician, Late Devonian, and 
end-Triassic events. 

Estimations indicate that approximately 85% of marine spe- 
eies went extinct during the Late Ordovician event as a result of 
a brief glacial episode (Brenchley et al. 2001; Sheehan 2001), 
although the ecological impact was comparatively low (McGhee 
et ah, 2004). Only a few ichnological studies have been devoted to 
this mass extinction (McCann, 1990; Herringshaw and Davies, 
2008). Information from shallow-marine strata of the Welsh 
Basin indicates overall low degrees of bioturbation and trace- 
fossil diversity during the Late Ordovician-Early Silurian tran- 
sition, but no other clear patterns are apparent (Herringshaw 
and Davies, 2008). Examination of deep-marine deposits in the 
same basin reveals a sharp decrease in ichnodiversity aeross the 
Ordovieian-Silurian boundary (McCann, 1990). 

During the Late Devonian (Frasnian-Famennian) mass 
extinetion approximately 70% of species disappeared, with the 
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Figure 14.6 Calibrated phylogeny 
of early dinosaurs and its sister 
taxon taking into account not only 
the body-fossil record, but also the 
trace-fossil record. Addition of ich- 
nological data implies the extension 
of the early diversification of dino- 
saurs and/or their closest relatives 
into the Middle Triassic. Based on 
Marsicano et al. (2007). 



event affecting both marine and terrestrial organisms (McGhee, 
1996). Global oceanic anoxia, global cooling, and multiple 
impacts of asteroids or comets have been proposed as potential 
causes (McGhee, 1996, 2001). Ichnological analysis of this event 
is still in its infancy and only one study has been published so 
far (Morrow and Hasiotis, 2007). Preliminary information indi- 
cates that the crisis is associated with a drop in ichnodiversity, 
reduction in bioturbation intensity, decreased depth of bioturb- 
ation, and decreased burrow size. A protracted post-extinction 
recovery is apparently marked by an increase in trace-fossil 
diversity by the middle Famennian, including Cruziana and 
Rusophycus. However, evaluation of environmental and facies 
controls needs to be addressed in more detail in this study. The 
suggested trends were based on a shallowing-upward succession 
from slope to offshore environments. Therefore, the appearance 
of trilobite burrows and the associated increase in ichnodiver- 
sity noted by these authors may simply reflect shallowing and 



the establishment of an offshore community rather than a true 
post-extinction recovery. 

The end-Permian mass extinction was the largest of the entire 
Phanerozoic, and it has been estimated that up to 96% of spe- 
cies became extinct, (Raup, 1979; Hallan and Wignall, 1997; 
Benton, 2003; Erwin, 2006). This mass extinction displays the 
highest ecological severity in both marine and continental envi- 
ronments (McGhee et al., 2004). Global anoxia has been sug- 
gested as the most likely cause of the extinction in the oceans 
(Hallam and Wignall, 1997; Wignall, 2001). Release of large 
volumes of volcanic carbon dioxide may have triggered a super- 
greenhouse climate, making large areas of Pangea uninhabit- 
able. In turn, global warming may have affected global ocean 
circulation patterns by decreasing the generation of dense cold 
deep waters, resulting in stagnation and anoxia (Wignall, 2001). 
In recent years, trace-fossil information has been used to ana- 
lyze the patterns of extinction and recovery across the critical 
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Permian-Triassie interval, and a more robust ichnological data- 
set is now available for this event (e.g. Twitchett and Wignall, 
1996; Twitchett, 1999; Twitchett and Barras, 2004; Pruss and 
Bottjer, 2004; Wetzel et al., 2007; Zonneveld et ai, 2007, 2010; 
Beatty et al., 2008; Fraiser and Bottjer, 2009). Comparative ich- 
nological analyses through the pre-extinction, post-extinction 
aftermath, and recovery phases are particularly useful for evalu- 
ating the endobenthic response to the end-Permian mass extinc- 
tion event in shallow-marine settings (Twitehett and Barras, 
2004). Pre-extinction deposits are intensely bioturbated and 
contain a wide variety of ichnotaxa. In contrast, ichnofaunas 
from the lowermost Triassic (immediate post-extinction after- 
math) are typically monospecific and consist of small Planolites, 
indicating environmental stress in connection with a widespread 
anoxic event. Available information indicates that there was a 
stepwise appearanee of iehnogenera through the Early Triassic, 
signaling the phase of recovery. Parallel to this increase in ich- 
nodiversity, an increase in burrow size and depth of bioturb- 
ation has been noted. In addition, proliferation of microbial 
mat structures during the post-extinction aftermath provides 
further evidence of suppressed bioturbation and environmen- 
tal stress (Pruss et al., 2004, 2005; Mata and Bottjer, 2009). It 
has been suggested that there may have been a faster recovery 
at higher latitudes, as indicated by the presence of higher ich- 
nodiversity levels (Beatty et al., 2008; Zonneveld et al., 2010). 
In addition, Wetzel et al. (2007) documented a deep-marine 
ichnofauna in Upper Triassic rocks of Oman, which displays 
unusually high diversity in contrast to age-equivalent deep-sea 
assemblages worldwide. According to these authors, some of 
these refuge habitats may have been located in warm-water, low- 
latitude shelf and continental-margin environments, allowing 
recolonization of the deep-sea floor after the Permian-Triassie 
mass extinction. 

The end-Triassic mass extinction accounts for an approxi- 
mately 76% loss in species diversity and is ranked third in terms 
of ecological severity, affecting both marine and continental 
communities (Raup, 1992; Tanner et al., 2004; McGhee et al., 
2004). In comparison, less research has been done on this mass 
extinction and its causes are poorly understood, with hypoth- 
eses ranging from widespread eruptions of flood basalts to the 
release of methane hydrates and bolide impact-induced envir- 
onmental degradation (Tanner et ah, 2004). Although iehno- 
logical aspects of this event have not been analyzed in the same 
detail as those of the end-Permian event, there is a growing 
volume of information suggesting ehanges in vertebrate and 
invertebrate ichnofaunas. The tetrapod footprint reeord indi- 
cates that large theropod dinosaurs appeared less than 10 000 
years after the Triassic-Jurassic boundary and that dinosaur 
communities became dominant less than 100 000 years after the 
boundary (Olsen et al., 1987). Marine invertebrate ichnofaunas 
of the pre-extinction Late Triassic are diverse, while lowermost 
Jurassic (Hettangian) deposits are characterized by low iehno- 
diversity, low bioturbation intensity, small burrow diameters, 
and an absence of deep-tier structures, illustrating the imme- 
diate post-extinction aftermath (Barras and Twitchett, 2007). 



A stepwise appearance of iehnogenera characterizes recovery 
times. Ichnological evidence seems to be consistent with an epi- 
sode of marine anoxia (Barras and Twitchett, 2007). 

The end-Cretaceous extinetion accounts for 40-76% spe- 
cies loss, affecting both marine and terrestrial eommunities 
(Jablonski, 1995; Hallam and Wignall, 1997; Norris, 2001; 
Wolfe and Russell, 2001). This extinction most clearly illustrates 
the decoupling of taxonomic and ecological severity, being the 
least severe of the “Big Five” in terms of taxonomic diversity, 
but the second from an ecological standpoint (McGhee et al., 
2004). Most researchers favor the impact of a large bolide 
impact as the triggering cause of the extinction (Alvarez et al., 
1980; Kauffman and Hart, 1996), although other mechanisms, 
such as massive volcanism, have also been proposed (e.g. Keller, 
2001, 2003). Ichnological research on the Cretaceous-Tertiary 
mass extinction focused on three different aspects: paleoenvir- 
onmental interpretation of the associated deposits, the nature 
of benthic colonization after the extinction, and changes in 
the types and intensity of arthropod-plant interactions. The 
first set of studies took place inland of the Gulf of Mexico, in 
Alabama (Savrda, 1993) and northeastern Mexico (Ekdale and 
Stinnesbeck, 1998). Both studies questioned the eatastrophic 
nature of the deposits whieh were attributed to a tsunami. In 
the case of Alabama, ichnological and sedimentological analysis 
supports transgressive deposition in an estuarine incised valley 
(Savrda, 1993), while deposits in Mexico are intensely bioturb- 
ated, suggesting slow sedimentation rather than a eatastrophic 
event (Ekdale and Stinnesbeck, 1998). The second set of studies 
was performed in Europe, more precisely in several sections in 
Denmark (Ekdale and Bromley, 1984b) and Spain (Rodriguez- 
Tovar, 2005; Rodriguez-Tovar and Uchman, 2004a, b; 2006, 
2008; Rodriguez-Tovar et al., 2006). In general, these studies 
documented intense bioturbation in earliest Danian strata, 
suggesting rapid substrate colonization and re-establishment 
of infaunal communities after the extinetion event, and, there- 
fore, arguing against the idea of a major restructuring of the 
infaunal benthic community. Also, it has been noted that deep 
burrowing may have transported Danian forams into the under- 
lying Maastrichtian deposits, complicating positioning of the 
boundary (Rodriguez-Tovar and Uchman, 2006). Finally, evi- 
dence of insect traces preserved in fossil plants allowed an 
evaluation of the impact of the mass extinction in continental 
environments (e.g. Labandeira et al., 2002a, b). These studies 
suggested a sudden and sustained drop in many categories of 
plant-insect interactions at the Cretaceous-Tertiary boundary. 
Similar levels of interactions to those of the latest Cretaceous 
were not attained until the Paleocene-Eocene boundary (Wilf 
et al., 2001; Labandeira et al, 2002a, b). Those categories of 
interactions that were most affected correspond to specialized 
associations in which monophagy defines plant-host specificity 
(Labandeira et al., 2002a). 

Also, ichnofaunas from various environments were differen- 
tially impacted by mass extinctions. Shallow-marine communi- 
ties were the most affected. In contrast, the impact was lower 
on marginal-marine brackish-water faunas (Buatois et al. 
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2005). Brackish-water faunas consist of opportunistic organ- 
isms that flourish under extreme conditions, and are able to 
rapidly colonize environments after a major disturbance, as it 
is the case of a mass extinction. Deep-water ichnofaunas have 
not been strongly affected by mass extinctions either (Uchman, 
2004a). No major deep-water crisis has been associated with 
any of the “Big Five” mass extinctions. However, Uchman 
(2003) noted reduced diversity and abundance of graphoglyp- 
tids associated with the end-Ordovician and end-Cretaceous 
mass extinctions. 

14.2 ANIMAL-SUBSTRATE INTERACTIONS AND 
ECOSYSTEMS THROUGH TIME 



14.2.1 COLONIZATION OE SHALLOW-MARINE 
ENVIRONMENTS 

Because nearshore to offshore-shelf strata typically contain a 
high diversity of body fossils, shallow-marine environments have 
been the focus of most studies in marine evolutionary paleo- 
ecology. Some of the most influential research on this topic was 
performed by Sepkoski (1981, 1991, 1992, 1997). In these stud- 
ies, Sepkoski recognized the existence of three main evolution- 
ary faunas in the Phanerozoic: the Cambrian, Paleozoic, and 
Modern evolutionary faunas. Each evolutionary fauna had a 
unique set of higher taxa and displays higher diversity and more 
ecological complexity than the previous one. This increase in 
ecological complexity has been further demonstrated through 
the analysis of Bambachian megaguilds (Bambach, 1983; 
Bambach et al., 2007; Bush et ah, 2007). Although further stud- 
ies based on more refined techniques and more extensive data- 
bases have questioned some aspects of this model (e.g. Alroy 
et al, 2001, 2008), this scheme has proved to be quite relevant 
to our understanding of eeological aspects of the history of 
life. Trace-fossil information is eonsistent with the body-fossil 
record of evolutionary faunas. 

The Cambrian evolutionary fauna was dominated by trilo- 
bites, with inarticulate brachiopods, hyolithids, monoplacopho- 
rans, eocrinoids, and hexactinellid sponges as other components 
(Sepkoski, 1981). Deposit, detritus, and suspension feeders were 
the main trophic types, with predation being a relatively minor 
component (Sepkoski, 1981; Bambach, 1983; Burzin et al, 2000; 
Sheehan, 2001). The ecological structure of communities in this 
evolutionary fauna was relatively simple. Thirty modes of life (see 
Section 3.1) have been recognized for Lower to Middle Cambrian 
faunas, representing roughly one-third of the modes of life used 
by recent faunas (Bambach et al, 2007). Of these 30 modes of life, 
19 were recorded based on skeletal faunas and the other 1 1 based 
on the analysis of soft-bodied animals preserved in Konservat- 
Lagerstatten. Overall, the Cambrian evolutionary fauna repre- 
sents the occupation of 11 megaguilds {sensu Bambach, 1983). 
The Cambrian evolutionary fauna began in the Early Cambrian, 
increased in diversity during the Cambrian, gradually diminished 
in importance after the Ordovician, and was severely affeeted by 
the end-Permian mass extinction. 



Of the typical components of the Cambrian evolution- 
ary fauna, only trilobites and other arthropods are important 
trace-fossil producers, being inartieulate brachiopods makers of 
Lingulichnus. The increase and subsequent decrease in domin- 
anee and diversity of arthropod- and particularly trilobite-pro- 
duced trace fossils eertainly follows the trend displayed by the 
Cambrian evolutionary fauna (see Sections 14.1.3 and 14.1.4). 
Also, tiering analysis based on the study of ichnofaunas indi- 
cates relatively simple community structures and limited utiliza- 
tion of the infaunal ecospaee. Deposit-feeding iehnoguilds are 
mostly shallow tier, while deep-tier iehnoguilds of suspension 
feeders are restricted to high-energy nearshore zones. Bambaeh 
(1993) has proposed that the paucity of deep deposit-feeding 
buiTowers in offshore to deeper-water settings indicates limited 
amounts of food buried in the sediment. Limited durophagous 
predation is also suggested by the trace-fossil record, as illus- 
trated by the scareity of bored shells (see Section 14.2.3). Based 
on the existence of graphoglyptids in shallow-water deposits, it 
may be argued that farming and trapping strategies had already 
developed during the Cambrian, and later migrated into the deep 
sea (see Section 14.2.2). Because these sophisticated strategies 
are usually employed as a response to scarce food resourees, this 
pattern seems to be consistent with comparatively limited food 
in shallow seas during the Cambrian (Buatois and Mangano, 
2003b). 

The Paleozoic evolutionary fauna was dominated by artieu- 
late brachiopods, rugose and tabulate corals, and crinoids; steno- 
laemate bryozoans, graptolites, and cephalopods were common 
also (Sepkoski, 1981). The benthos experienced a diversifiea- 
tion in deposit feeders, detritus feeders, suspension feeders, and 
grazers, while suspension feeders and predators diversified in 
the pelagic setting (Bambach, 1983; Sheehan, 2001). Predation 
levels also increased and the ecological structure of the commu- 
nities became more complex. As a result of the Ordovician radi- 
ation, the number of modes of life utilized by skeletal organisms 
increased to a total of 30 by the Late Ordovician; the scarcity of 
Konservat-Lagerstatten precludes analysis of soft-bodied faunas 
(Bambach et al, 2007; but see Van Ray et al, 2010). Of the 20 
potential Bambachian megaguilds, 14 were filled by the Paleozoic 
fauna (Sheehan, 2001). The Paleozoic evolutionary fauna began 
in the Early Cambrian, but attained its maximum diversity in the 
Ordovician. Diversity was maintained during the Paleozoic and, 
although the fauna persisted into the Mesozoic and the Cenozoic, 
it was significantly affected by the end-Permian mass extinction, 
showing a rapid decline (Sepkoski, 1981). 

The ichnological expression of the Paleozoic evolution- 
ary fauna is mostly reflected by an increase in ichnodiversity 
and tiering complexity, as well as by an increase in degree 
and depth of bioturbation. As previously discussed, the num- 
ber of shallow-marine ichnogenera doubled as a result of the 
Ordovician radiation (see Section 14.1.4). The tiering struc- 
ture of ichnofaunas becomes more complex, both by the add- 
ition of deeper tiers and by the addition of a wider variety of 
behavioral patterns in previously occupied tiers, mostly in the 
case of offshore deposit-feeding faunas (Mangano and Droser, 
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2004; Mangano and Buatois, 2011). Interestingly, recent stud- 
ies suggest that infaunalization by deposit feeders in offshore 
silieiclastic environments was most likely diachronic, with mid 
tiers being colonized first in Laurentia and Baltiea, and subse- 
quently in Gondwana (Mangano and Buatois, 201 1). An overall 
inerease in the depth of bioturbation seems to have occurred 
since the Ordovician and well into the Devonian (Larson and 
Rhoads, 1983). Bioturbation depths of 5-6 cm were common, 
locally with depths up to 30 cm (Bambach, 1993). Preliminary 
data suggest that these levels persisted into the Triassic (Aigner, 
1985). Increased burrowing depths by deposit feeders have been 
linked to an increase in the amount of buried food (Bambach, 
1993). In contrast, Skolithos pipe rock, a product of deep-tier 
suspension feeders which was widespread during the Cambrian, 
become less common through the Paleozoic (Droser, 1991; 
Desjardins et ah, 2010a). Although the reasons for this decline 
are unclear, increased disturbance of the substrate by deposit 
feeders may have impacted negatively on passive suspension 
feeders (Thayer, 1979; Miller and Byers, 1984) (see Section 
6.6). In fact, the diversification of sediment bulldozers has been 
deemed responsible for the decline throughout the Phanerozoic 
of suspension feeders living in soft sediments (Thayer, 1979). 
Other potential factors involved in the decline of large sessile 
suspension-feeders may have been the radiation of predators 
(Mcllroy and Garton, 2004) and greater spatial competition for 
the infaunal ecospace (Desjardins et al., 2010a). Ichnological 
evidence of increased durophagous predation in the Paleozoic 
evolutionary fauna is indicated by a higher abundance of preda- 
tory holes. Overall, bioerosion increased significantly in both 
diversity and intensity (see Section 14.2.3). 

The Modem evolutionary fauna is dominated by molluscks 
(bivalves and gastropods), echinoids, crustaceans, and different 
vertebrates; g 3 minolaemate bryozoans, demosponges, and ammo- 
nites are also members of this fauna (Sepkoski, 1981). A significant 
diversification occurs in the pelagic realm. The evolutionary inno- 
vations that took place during the Mesozoic have been referred 
to as “the Mesozoic marine revolution” by Vermeij (1987). This 
event led to a major restructuring of shallow-marine benthic com- 
munities. Some of these changes involved the acquisition of add- 
itional ecological guilds that were not present in the Cambrian 
and Paleozoic evolutionary faunas, particularly with respect to 
the exploitation of the deep infaunal ecospace (Thayer, 1983; 
Bambach, 1983). The intensification of grazing and the diversi- 
fication of durophagous predators were conducive to increases in 
prey sturdiness and the frequency of shell repair (Vermeij, 1987; 
Kelley and Hansen, 2001) (see Section 14.2.3). The number of 
modes of life utilized increased up to present levels (Bambach et al . , 
2007). All 20 Bambachian megaguilds were filled (Sheehan, 2001). 
Overall, the body-fossil record shows that by the late Cenozoic, 
marine paleocommunities have a much greater representation of 
infaunal organisms and higher proportion of motile animals than 
mid-Paleozoic communities (Bush et al., 2007). The Modem evo- 
lutionary fauna began in the early Paleozoic, becoming dominant 
after the end-Permian mass extinction (Sepkoski and Sheehan, 
1983; Sepkoski and Miller, 1985). 



The advent of the Modern evolutionary fauna is clearly 
reflected by the ichnological record (e.g. Carmona et al., 2008). 
This is obvious not only from the composition of the ichnofaunas, 
but also from the complexity of tiering structure and intensity 
and depth of bioturbation. The imprint of malacostracan crusta- 
ceans is evidenced by the dominance of a wide variety of burrow 
systems produced by these organisms, such as Thalassinoides, 
Ophiomorpha, Spongeliomorpha, and, to a lesser extent, Pholeus, 
Psilonichnus, Sinusichnus, and Maiakariclmus (Carmona et al., 
2004; Verde and Martinez, 2004; Curran, 2007; Buatois et al., 
2009a). To this list we should add the double helicoidal bur- 
row Lapispira, also possibly produced by decapod crustaceans 
(Lanes et al., 2007). Crustacean burrows become dominant not 
only in offshore to shelf environments, but also in nearshore set- 
tings. In fact, Ophiomorpha replaced Skolithos as the dominant 
component of the Skolithos ichnofacies in post-Paleozoic strata 
(Droser and Bottjer, 1993). Another typical component of the 
Modern evolutionary fauna reflected in the trace-fossil record 
is irregular echinoid burrows, namely Scolicia and Bichordites, 
which are known since the Jurassie (Smith and Crimes, 1983). To 
this list we may add a number of post-Paleozoic morphologic- 
ally complex ichnogenera (e.g. Paradictyodora, Patagonichnus) 
that are probably produced by unknown soft-bodied organisms 
(Olivero et al., 2004; Olivero and Lopez-Cabrera, 2005). The 
eomplex tiering structure commonly revealed by these ichno- 
faunas shows the development of a finely partitioned infaunal 
niche and an increase in degree of bioturbation. This is particu- 
larly obvious in the case of Neogene shallow-marine ichnofau- 
nas, which typically display complex tiering patterns and a wide 
variety of ichnoguilds (e.g. Buatois et al., 2003; Carmona et al, 
2008). Depth of bioturbation reached a maximum, with erust- 
acean burrows colonizing the deep infaunal ecospace and reach- 
ing several meters below the sediment-water interfaee. Increased 
intensity of predation is revealed by the larger proportion of 
shells showing evidence of drilling holes produced by gastro- 
pods and breakage by crabs (Vermeij, 1987; Bambaeh, 1993). 
In addition, a remarkable increase in the diversity of bioerosion 
structures due to predation resulted from the Mesozoie marine 
revolution (see Seetion 14.2.3). Increased infaunalization and 
predation may also reflect an increase in the biomass of marine 
eonsumers (Bambach, 1993). 

It has been suggested that evolutionary innovations commonly 
started in shallow water and subsequently migrated or expanded 
into deeper water. In fact, this pattern is also revealed by the evo- 
lutionary faunas themselves (Sepkoski and Miller, 1985) (see 
Seetions 14.2.2 and 14.2.4). Also, the intensity of bioturbation 
first increased in shallow-water settings and only occurred later 
in the offshore (Droser and Bottjer, 1989). In addition, some 
ichnogenera seem to display an offshore-onshore trend. In the 
ease of expansion, an iehnogenus that occurs for the first time in 
shallow water subsequently extends its environmental range into 
deeper water without loss of onshore representatives. In contrast, 
retreat involves migration into deeper water with loss of onshore 
representatives (Botjjer et al, 1988; Stanley and Piekerill, 1993). 
For example, the iehnogenus Zoophycos is common in Paleozoic 
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shallow-marine deposits. However, it migrated into deeper water 
throughout the Mesozoic, essentially disappearing from nearshore 
areas by the Cenozoic, providing an example of retraction (Bottjer 
et ah, 1988). Another example of retraction into deep-water set- 
tings has been suggested for the ichnogenus Fustiglyphus (Stanley 
and Pickerill, 1993). The ichnogenus Ophiomorpha, restricted to 
shallow-marine environments during the late Paleozoic and early 
Mesozoic, expanded into deep water during the late Mesozoic 
(Bottjer e? a/, 1988; Tchoumatchenco and Uchman, 2001). Scolicia 
may have originated in shallow-marine settings, but expanded into 
deep water by the end of the Cretaceous, displaying an optimiza- 
tion of grazing patterns (Seilacher, 1986). Other ichnogenera, 
such as Asteriacites, seem to exhibit less straightforward distribu- 
tion patterns (Mikulas, 1992). 

14.2.2 COLONIZATION OF THE DEEP SEA 

The colonization of the deep sea was one of the first evolution- 
ary processes addressed from an ichnological perspective (e.g. 
Seilacher, 1974, 1977b; Crimes, 1974). More recently, it has 
been discussed in detail in a number of papers (e.g. Orr, 2001; 
Uchman, 2003, 2004a). In particular, Uchman (2004a) provided 
a comprehensive analysis of the Phaneozoic history of deep-sea 
trace fossils supported by an extensive database. There is gen- 
eral agreement in that: (1) complex behavioral patterns initially 
evolved in shallow water, and subsequently migrated into the 
deep sea (Crimes and Anderson, 1985; Crimes and Fedonkin, 
1994; Jensen and Mens, 1999), and (2) that there has been an 
increase in complexity and diversity of trace fossils throughout 
the Phanerozoic (Crimes, 1974; Seilacher, 1974, 1977b; Crimes 
and Crossley, 1991; Uchman, 2003, 2004a). 

The earliest record of deep-marine trace fossils is Ediacaran, 
as indicated by poorly diverse, nonspecialized grazing trails (e.g. 
Helminthopsis, Helminthoidichnites) in connection with micro- 
bial mats (MacNaughton et ah, 2000; Liu et al., 2010) (Fig. 
14.7). These strategies linked to exploitation of microbial mats 
persisted well into the Cambrian with the addition of arthro- 
pod trackways (e.g. Diplichnites) and more sophisticated feed- 
ing strategies represented by different Oldhamia ichnospecies 
(Buatois and Mangano, 2003a) (Fig. 14.7). 

Deep-marine ecosystems underwent significant changes by 
the end of the Cambrian, probably as a result of increased 
competition for ecospace and/or resources within shallow-ma- 
rine ecosystems that forced animals into deeper-water settings 
(Crimes et ah, 1992; Crimes, 2001; Orr, 2001; Mangano and 
Droser, 2004; Buatois et al., 2009b). The main lineages of deep- 
marine trace fossils (i.e. rosette, meandering, networks, and 
spirals) were established in deep-sea environments by the Early 
Ordovician, recording the first appearance of the Nereites ichno- 
facies (Orr, 2001; Mangano and Droser, 2004; Uchman, 2004a; 
Buatois et al., 2009b) (Fig. 14.7). Lower to Middle Ordovician 
deep-marine ichnofaunas seem to be moderately diverse, and 
fodinichnia commonly dominates rather than graphoglyptids 
(e.g. Orr, 1996). A significant diversity increase occurred in the 
Upper Ordovician-Lower Silurian, with ichnofaunas recording 



higher proportions of graphoglyptids (McCann, 1990; Orr, 200 1 ; 
Mangano and Droser, 2004; Uchman, 2003, 2004a). In short, 
ichnological evidence records the advent of a deep-marine eco- 
system of modern aspect during the Ordovician, representing 
a second-level change {sensu Droser et al., 1997). Interestingly, 
most of the Cambrian-Ordovician deep-marine trace fossils 
represent the activity of shallow-tier organisms. However, Orr 
(2003) documented Ordovician deep-marine ichnofabrics that 
record the activity of a climax suite that may have penetrated at 
least 40 cm into the substrate. Other examples of deep bioturb- 
ation (e.g. Pickerill and Williams, 1989) may have been produced 
by the activity of doomed pioneers transported from shallow- 
to deep-marine environments via turbidity currents (Waldron, 
1992; Allison and Briggs, 1994). 

Uchman (2004a) noted that Ordovician to Carboniferous 
deep-marine ichnofaunas were compositionaUy similar, typic- 
ally containing Dictyodora, several ichnospecies of Nereites, and 
Megagrapton, among other ichnotaxa. In particular, Dictyodora 
records a clear evolutionary trend from the Upper Ordovician to 
the Carboniferous, as revealed by an increase in the height of the 
wall, and an improvement in feeding efficiency (Seilacher, 1967a; 
Benton, 1982). This pattemsuggestsastrategy of underground min- 
ing progressively deeper into the sediment through time (Seilacher, 
1967a; Benton and Trewin, 1980; Benton, 1982; Seilacher-Drexler 
and Seilacher, 1999; Mangano and Droser, 2004). 

A subsequent ichnodiversity peak is recorded in the Early 
Carboniferous (Orr, 2001; Uchman, 2004a). However, the rest 
of the Carboniferous experienced a constant decrease in ichno- 
diversity, culminating in overall low-ichnodiversity levels dur- 
ing the Permian to the Middle Jurassic (for an exception see 
Wetzel et al., 2007) (see Section 14. 1.6). Uchman (2004a) linked 
the decrease in ichnodiversity during the Late Carboniferous- 
Permian to the deep-seawater temperature decrease resulting 
from the Gondwanan glaciations. He also noted that some 
typical earlier Paleozoic ichnotaxa disappeared from the fossil 
record (e.g. Dictyodora and Spirodesmos). 

Significant innovations had taken place in the deep sea by the 
Late Jurassic-Early Cretaceous, when trace fossils produced by 
irregular echinoids {Scolicia) and large decapod crustaceans 
{Ophiomorpha) occurred for the first time (Tchoumatchenco 
and Uchman, 2001). These are efficient bioturbators and their 
arrival at deep-sea bottoms was conducive to intensive plowing 
of the sediment, deepening of the redox boundary, and expan- 
sion into deeper tiers (Uchman, 2004a). This author regarded 
this event as somewhat analogous to the Agronomic Revolution 
of Cambrian times (see Section 14.1.3). Also, an ichnodiversity 
peak is detected by the Late Jurassic-Early Cretaceous, fol- 
lowed by a remarkable decrease during the Albian, most likely 
as a result of widespread anoxia. 

The maximum ichnodiversity peak is reaehed during the 
Eocene, accompanied by the largest contribution of graphoglyp- 
tids to global diversity (Uchman, 2003, 2004a). The Eocene opti- 
mum in graphoglyptid diversity has been linked to the advent 
of oligotrophic conditions in the oceans linked to global warm- 
ing (Tunis and Uchman, 1996a, b). However, recent research on 
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Figure 14.7 Early history of deep-sea colonization in comparison with evolutionary events in the shallow-marine realm. Colonization of deep-sea bot- 
toms was delayed with respect to that of shallow-marine environments. By the Ediacaran, typical shallow-marine ichnofaunas consist of nonspecialized 
grazing trails, such as Helminthopsis (HI), Helminthoidichnites (He), and Gordia (Go), the rasping trace RaduUchnus (Ra), and trace fossils produced 
by Dickinsonia (Dtf) and Yorgia (Ttf). Coeval deep-marine deposits contain less diverse ichnofaunas, essentially consisting of Helminthopsis {HI) and 
Helminthoidichnites (He). Microbial mats are widespread in both settings. Lowermost Cambrian (Fortunian) shallow-marine deposits reflect a remark- 
able increase in ichnodiversity, and are dominated by branched burrows, typically Treptichnus (Tr), arthropod trace fossils such as Diplichnites (Di), 
Rusophycus (Ru), and Diplopodichnus (Do), the spiral-shaped burrow Gyrolithes (Gy), the plug-shaped burrow Bergaueria (Be), and simple burrows 
such as Palaeophycus (Pa) and Planolites (PI). Cochlicimus (Co), Helminthopsis (HI), and Helminthoidichnites (He) are also common. Some ichnospe- 
cies of Oldhamia (01) may occur in shallow-marine settings. Microbial matgrounds display a more patchy distribution. Later in the Early Cambrian 
other ichnotaxa become typical in shallow-marine environments. These include a wide variety of vertical burrows abundant in high-energy environ- 
ments, such as Skolithos (Sk), Diplocraterion (Dp), Arenicolites (Ar), Rosttelia (Ro), and Syringomorpha together with other ichnogenera more 
typical of lower-energy settings, including Psammichnites (Ps), Planolites (PI), Palaeophycus (Pa), Rusophycus (Ru), and Cruziana (Cr). Microbial mats 
became restricted to stressed settings, being rare in fully marine settings later in the Cambrian. Cambrian deep-marine ichnofaunas remained poorly 
diverse. Different ichnospecies of Oldhamia (O!) are dominant, together with unspecialized grazing trails such as Helminthoidichnites (He), Helmintopsis 
(HI), Cochlicimus (Co), the feeding trace Circulichnis (Ci), arthropod trackways such as Diplichnites (Di), and the plug-shaped burrow Bergaueria (Be). 
Matgrounds persisted in the deep sea during the Cambrian. Lowermost Ordovician (Tremadocian) deep-marine ichnofaunas are characterized by 
branched feeding burrows, typically Muhina (Mu), simple trace fossils such as Palaeophycus (Pa) and Helminthoidichnites (He), and the bivalve locomo- 
tion trace Protovirgularia (Pr). Graphoglyptids also occur, including Megagrapton (Me), Paleodictyon (Pd), and Lorenzinia (Lo), although they do not 
seem to be abundant. The plug-shaped burrow Bergaueria (Be) persisted in this setting. Later in the Ordovician, a remarkable increase in trace-fossil 
diversity took place in deep-sea environments. These ichnofaunas consist of a wide variety of forms, including the graphoglyptids Megagrapton (Me), 
Paleodictyon (Pd), Protopaleodictyon (Pf), Cosmorhaphe (Cs), Spirorhaphe (Sp), Acanthorhaphe (Ac), Glockerichnus (Gl), and Lorenzinia (Lo). Other 
ichnotaxa include Chondrites (Ch), Spirophycus (Sr), Dictyodora (Dc), Helminthoidichnites (He), Protovirgularia (Pr), Cruziana (Cr), Rusophycus (Ru), 
Nereites (Ne), Asteriacites (.4.s), Cochlichnus (Co), Circulichnis (Ci), Helminthopsis (HI), Gordia (Go), and Saerichnites (Sa). Microbial mats show a 
remarkably patchy distribution. Modified from Mangano and Buatois (2007), and Buatois et al. (2009b). 
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ichnofaunas from Tierra del Fuego, southern Argentina, demon- 
strated a diversity peak accompanied by a cooling trend (Lopez- 
Cabrera et al, 2008). Accordingly, these authors suggested a link 
between diversification of graphoglyptids and constancy of rela- 
tive oligotrophy, rather than temperature per se. 

Most graphoglyptid ichnotaxa have their first oecurrence in 
Upper Cretaceous-Eocene rocks (Uchman, 2003). Also, since 
the Late Cretaceous graphoglyptids displayed an accelerated 
evolution with farming becoming a widespread strategy in 
the deep sea (Seilacher, 1977b; Uehman, 2004a). After the 
Eocene, no new graphoglyptid ichnotaxa have been recorded 
(Uchman, 2004a). By the Oligocene, parallel to a decrease 
in water temperatures, ichnodiversity displayed a dramatic 
decrease, most likely linked to the Eocene-Oligocene bound- 
ary crisis, which negatively impacted on other groups, such 
as foraminiferans, dinoflagellates, and nanoplankton. No 
increase in ichnodiversity was recorded during climatic ameli- 
oration in the Miocene (Uchman, 2004a). 

14.2.3 COLONIZATION OF HARD SUBSTRATES 

Examination of trends displayed by marine bioerosion structures 
allows an understanding of evolutionary changes in marine hard 
substrate communities, including the role of drilling predation 
(e.g. Kowalewski et al, 1998, 1999; Harper et ah, 1999; Perry and 
Bertling, 2000; Taylor and Wilson, 2003; Bromley, 2004; Glaub, 
2004; Wilson, 2007; Tapanila, 2005, 2008). The oldest trace fossils 
known are microborings reported from Archean (3500 ma) pillow 
lavas from South Africa (Fumes et al., 2004). These structures 
record microbial etching of glass along fractures and indicate 
biologically mediated corrosion. The presence of organic carbon 
in the margins of the microborings and isotopically low 5*’C 
values of carbonate in the glassy rims of the pillow support 
microbial fractionation and a biogenic origin for these struc- 
tures. Bioerosion evidence is therefore consistent with an early 
origin of thermophilic microbes around deep-sea hydrothermal 
vents. Paleo- to Mesoproterozoic stromatolites were bored by 
cyanobacteria (Zhang and Golubic, 1987). Microbioerosion due 
to cyanobacteria has been also reported from Neoproterozoic 
oolites and pisolite grains (Knoll et al, 1986). 

Although bioerosion became more important during the 
Cambrian, borings provide evidence of incipient predation dur- 
ing the Ediacaran. Predatory holes (assigned to the ichnogenus 
Oichnus) in the tubular shell Cloudina suggest that shell-drilling 
predation may have been already present in the Ediacaran, rep- 
resenting the oldest evidence of macrobioerosion (Bengtson and 
Yue, 1 992; Hua et al, 2003). The intensity of bioerosion increased 
as a result of the Cambrian explosion, but borings were very sim- 
ple and diversity remained low with only Trypanites and Oichnus 
recorded (Wilson, 2007). High densities of Trypanites are present 
in Lower Cambrian archaeocyathid reefs, revealing domichnial 
bioerosion by a macroboring biota (James et al, 1977; Kobluk 
et al, 1978). The round hole Oichnus is present in Cambrian 
shells, representing increased predation levels, albeit signifi- 
cantly lower that those displayed by younger faunas (Matthews 
and Missarzhevsky, 1975; Conway Morris and Bengtson, 1994; 



Bromley, 2004). Bitten trilobites provide further evidence of pre- 
dation in the Cambrian (Babcock, 1993; Pratt, 1998). 

A significant rise in bioeroders probably occurred by the end 
of the Middle Ordovician (Kobluk et al, 1978; Ekdale and 
Bromley, 2001b; Wilson and Palmer, 2001, 2006; Benner et al, 
2004), and has recently been referred to as “the Ordovician 
Bioerosion Revolution” by Wilson and Palmer (2006). This 
event is not only reflected in bioerosion domiciles but also in 
bioclaustrations (Tapanila, 2008). Early to Middle Ordovician 
bioerosion was dominated by simple borings such as Trypanites 
and Palaeosabella, although clavate borings (Gastrochaenolites), 
which are attributed to bivalves in younger rocks, have been 
recorded (Ekdale and Bromley, 2001; Ekdale et al, 2002; 
Benner et al, 2004). Late Ordovician hardground communities 
also included sponge borings (Cicatricula), bryozoan etchings 
(Ropalonaria), and bivalve borings (Petroxestes) (Wilson and 
Palmer, 2006; Wilson, 2007). The oldest record of green algae 
microborings {Reticulina) is known from the Ordovician, while 
that of red algae microborings (Palaeoconchocelis) is from the 
Silurian (Glaub and Vogel, 2004). 

A subsequent increase in the diversity of macroborings 
had occurred by the Devonian (“Middle Paleozoic Marine 
Revolution” of Wilson, 2007, also referred to as a precursor of 
the “Mesozoic Marine Revolution” by Signor and Brett, 1984). 
Some of the bioerosion ichnotaxa which appeared by this time 
(e.g. Entobia, Rogerella, Caulostrepsis, Talpina) became dom- 
inant throughout the rest of the Phanerozoic (Bromley, 2004; 
Wilson, 2007). By the Carboniferous, the first Gastrochaenolites 
confidently attributed to bivalves has been recorded (Wilson 
and Palmer, 1998). Notably, diversification of macroborings 
and bioclaustrations is decoupled because the latter shows 
a decrease in diversity by the Late Devonian, most likely as a 
result of a decline in the host eoralline taxa (Tapanila, 2005; 
Tapanila and Ekdale, 2007). 

By the Jurassie, the Mesozoic Marine Revolution (Vermeij, 
1977) is marked by an increase in the diversity, abundance, and 
size of macrobioerosion structures (Bromley, 2004; Wilson, 
2007). An inerease in diversity by the beginning of the Mesozoic 
is also evidenced by microborings (Glaub and Vogel, 2004). In 
addition, this event was charaeterized by the rise of boring 
echinoids and an increase in the abundance of sponge borings 
(Taylor and Wilson, 2003). A large number of ichnotaxa occurs 
for the first time in the Mesozoie, including the echinoid bite 
traee Gnathichnus, the echinoid boring Circolites, the cirriped 
etching scar Centrichnus, the bryozoan etching trace Leptichnus, 
and the bivalve wood boring Teredolites. 

These evolutionary changes have a direct influence on the 
nature of some substrate-controlled ichnofacies. The Teredolites 
ichnofacies has not been recorded prior to the Cretaeeous. In 
addition, the Jurassic represents a pivotal point for hardground 
ichnofacies because it marks the appearance of the Gnathichnus 
ichnofacies (Gibert et al, 2007). Also, sponge and bivalve bor- 
ings became common after the Jurassic, resulting in the appear- 
ance of the so-called Entobia association (Bromley and Asgaard, 
1993a; Gibert et al, 1998). Interestingly, Tapanila (2008) 
noted that, with the exception of echinoids, no new classes of 
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organisms adopted an endolithic strategy during the Mesozoic 
Marine Revolution. By the beginning of the Cenozoic, a change 
is reflected in the dominant microbioeroding ichnotaxa, with 
the appearance of new iehnogenera whose oldest record is 
Paleogene (Glaub and Vogel, 2004). 

14.2.4 COLONIZATION OF TIDAL FLATS 

Tidal flats are geologically ephemeral systems, and at a given 
geographic region rarely last longer than 10'* years as a result of 
transgressions and regressions (Reise, 1985). In contrast to the 
long-term temporal instability, tidal flats are, on a daily basis, 
highly predictable and controlled by tidal cyclieity. Tidal flats 
usually are regarded as harsh, heterogeneous, physically con- 
trolled environments (see Section 7.2). From a biological per- 
spective, tidal flats are highly heterogeneous systems in whieh 
interspecifie interactions are poorly regulated and open to 
numerous possibilities. Accordingly, ecological and environ- 
mental attributes of tidal-flat communities, together with the 
high genetic variability in populations inhabiting unstable envi- 
ronments, may have provided the appropriate ground for major 
steps in evolution (Reise, 1985). 

Comparison of tidal-flat ichnofaunas through time helps 
to address the problem of onshore replacement and offshore 
migration of benthic faunas, and provides ground data to 
evaluate the notion that tidal flats may have served as sites of 
evolutionary innovations (Mangano et ah, 2002a). The earli- 
est records of trace fossils in intertidal deposits are from the 
earliest Early Cambrian (Fortunian), and consist of monospe- 
ciflc occurrences of Treptichnus pedum (Buatois et al., 2007c; 
Almond et al., 2008). Younger early Paleozoic tidal-flat ichno- 
faunas are dominated by trilobite and other arthropod traee 
fossils (e.g. Durand, 1985; Astini et al., 2000; Mangano et al., 
2001b; Mangano and Buatois, 2004b). Some aspects of early 
Paleozoie tidal flats are anactualistie in nature (Mangano 
and Buatois, 2004b). While modern tidal flats are character- 
ized by abundant food supply derived from multiple sources, 
including terrestrially-derived organic particles, early Paleozoic 
intertidal trophic webs were almost entirely based on the 
organically rich marine source and significant autochthon- 
ous production. Modern intertidal organisms are exposed 
to a double set of predators: preyed on by marine organisms 
during submergence and by terrestrial organisms during emer- 
gence. Contrastingly, early Paleozoic intertidal environments 
may have functioned as refugia in the absence of continental 
predators, only being under the pressure of marine predators 
(Mangano and Buatois, 2004b). Another anactualistie aspect, 
particularly for Cambrian tidal flats, is the eommon presence 
of microbial matgrounds (Hagadorn et al., 2002; Hagadorn 
and Belt, 2008). Tidal-flat deposits contain a wide variety of 
microbially induced structures that allowed preservation of 
medusa body fossils, and a peculiar suite of trace fossils eon- 
sisting of the giant mollusk-like trail Climactichnites, its associ- 
ated resting trace Musculopodus, and the arthropod trackway 
Protichnites (Yochelson and Fedonkin, 1993; Hagadorn et al.. 



2002; Hagadorn and Belt, 2008; Seilacher, 2008; Getty and 
Hagadorn, 2008, 2009). 

Although the pieture that emerges from these early Paleozoic 
tidal flats is significantly different, they may have resembled 
modern ones in their ecological role as sites of reproduction 
and protection. Arthropod incursions in early Paleozoic tidal 
flats, recorded by the presence of Rusophycus, Cruziana, and 
Dimorphiclmus, provide direct evidence of an early eolonization 
of intertidal environments, and show that representatives of the 
Cambrian evolutionary fauna were not restricted to offshore 
settings, but were able to colonize very shallow-water environ- 
ments. Skolithos and Syringomorpha pipe rock occurs in high- 
energy sand-flat areas. Depth and extent of bioturbation reveal 
colonization of a relatively deep-infaunal ecospace by endoben- 
thic organisms at least in lower-intertidal areas, suggesting a 
significant landward expansion of the Agronomic Revolution 
(Mangano and Buatois, 2004b). 

Molluscan trace fossils, in particular those of bivalves, are 
important components in late Paleozoic tidal-flat deposits 
(e.g. Rindsberg, 1994; Mangano et al., 2002a; Mangano and 
Buatois, 2004a). Late Paleozoic intertidal ichnofaunas are 
remarkably different from those recorded in early Paleozoic 
tidal flats in that trilobite-dominated faunas were replaced by 
bivalve-dominated communities. Sepkoski and Miller (1985) 
documented onshore-offshore patterns of evolutionary faunas. 
Based on the analysis of body-fossil communities, these authors 
detected a replacement of trilobite-rich eommunities by mol- 
lusk-rieh communities in shallow-water niches throughout the 
Paleozoic. Ichnological analysis of Paleozoic tidal-flat ichno- 
faunas provides further support to this model, and underscores 
the importance of tidal flats as nurseries of evolutionary innova- 
tions (Mangano et al., 2002a). Bivalves, in eontrast to articulate 
brachiopods, were particularly adaptable to physically unstable, 
stressful nearshore settings (Steele-Petrovic, 1979). The strik- 
ing ecological segregation between articulate brachiopods and 
bivalves may indicate a higher tolerance of bivalves to unstable 
environments (Olszewski, 1996). 

Analysis of late Paleozoic tidal-flat ichnofaunas also reflects 
patterns of colonization of the infaunal ecospace hy bivalves. 
Presence of large specimens of Lockeia siliquaria in Carboniferous 
intertidal sandstone suggests relatively deep-bivalve burrowing 
below the sediment-water interface (Mangano etal., 1998). These 
burrows have been attributed to the anomalodesmatan Wilkingia, 
also present in the same deposits, most likely illustrating siphon- 
feeding in the late Paleozoic, preceding the subsequent Mesozoic 
radiation of siphon-feeding infaunal bivalves (Mangano et al., 
1998) (Fig. 14.8). Although the deep-infaunal ecospace was colo- 
nized, late Paleozoic intertidal ichnofaunas contain a high diver- 
sity of shallow-tier trace fossils, suggesting that deep burrowers 
did not obliterate shallowly emplaced structures. 

Mesozoic and Cenozoic tidal-flat ichnofaunas are quite dif- 
ferent from their Paleozoie equivalents, but they share many 
similarities with Recent examples. Post-Paleozoic tidal-flat 
deposits tend to be dominated by deep- to mid-tier crustacean 
burrows together with a wide variety of polychaete and bivalve 



14.2 Animal-substrate interactions and ecosystems 283 



Mesozoic-Cenozoic 





Suspension 

feeders 


Oepos/f feeders 


Pndttors 


Shallow 

passive 


Bivalvia 

Ecfenoktea 

Gastropoda 


Bivatvia 


Bivalvia 


Shallow 

active 


Bivsivia 

Poiychaela 

Ectiinoidea 


Bivatvia 

Ectiinoidea 

Hoiottiuroidea 

Potychaeta 


Gastropoda 

Merostomata 

Polychaeta 


Deep 

passive 


Bivalvia 


V/ZV/ 




Deep 

active 


Bivatvia 

Potychaata 

Malacostraca 


Bivalvia 

Potyctiaeta 


Potyctiaeta 




Late Paleozoic 






Su*p0n*lon 

feeders 


Deposit feeders 


Pndators 


Shallow 

passive 


Brvalvia 

Roelroconchia 






Shallow 

active 


Bivatvia 

Inaiticulata 


ThIoMa 

Conodonlophonda 

Bivalvia 

Potyctiaeta 


Merostomata 

Potyctiaeta 


Deep 

passive 




y/z// 




Deep 

active 


Bivalvia 


Bivalvia 





Figure 14.8 Evolutionary innovations in tidal flats. Boxes illustrate 
Bambachian megaguilds for infaunal ecospace based on body fossils 
after Bambach (1983). According to body-fossil information, no sus- 
pension feeders occupied deep tiers before the Mesozoic marine revo- 
lution. However, ichnological information (deep Lockeia siliquaria) 
indicates that suspension- feeding bivalves colonized the deep-infaunal 
ecospace in tidal-flat settings by the late Paleozoic. This prompted 
re-evaluation of associated body fossils, suggesting that the potential 
producer, the anomalodesmatan Wilkingia, was an efficient siphonate 
burrower (Mangano et ah, 1998). 



trace fossils (Mangano et al., 2002a). This seems to be the case 
in most modern tidal flats, where these groups dominate (e.g. 
Howard and Dorjes, 1972; Curran and Martin, 2003). In add- 
ition, crustaceans and polychaetes produce large quantities 
of argillaceous fecal pellets, and they are therefore important 
agents of biosedimentation and modifiers of substrate prop- 
erties (Pryor, 1975; Bromley, 1990, 1996; Curran and Martin, 
2003). In contrast to late Paleozoic tidal-flat ichnofaunas, 
Mesozoic to Cenozoic ichnofaunas are biased towards deeper 
tiers. Burrowing activities of crustaceans may have caused sig- 
nificant sediment reworking and obliteration of shallower tiers. 
Overall, post-Paleozoic tidal flats exhibit only moderate levels 



of ichnodiversity. This trend likely represents a taphonomic arti- 
fact resulting from the dominance of deep infaunal crustaceans 
in Mesozoic and Cenozoic tidal-flat ecosystems. Establishment 
of crustacean-dominated communities in tidal-flat ecosystems 
may have played a significant role in the offshore expansion of 
bivalves during the Mesozoic (Mangano et al., 2002a). 



14.2.5 COLONIZATION OF BRACKISH- WATER 
ENVIRONMENTS 

The invasion of marginal-marine environments represents 
the appearance of an ecosystem and, therefore, qualifies as a 
first-level paleoecological event sensu Droser et al. (1997). The 
ichnological aspects of the colonization history of brackish- 
water environments have been recently explored (Buatois et al., 
2005). According to these authors, brackish-water ichnofaunas 
show an increase in ichnodiversity, an increase in the intensity 
of bioturbation, the addition of new invaders, environmental 
expansion, and faunal replacements through the Phanerozoic. 
The colonization of marginal-marine, brackish-water envi- 
ronments by fully marine organisms was a long-term process, 
but did not occur at a constant rate. Five major colonization 
phases have been proposed: Ediacaran-Ordovician, Silurian- 
Carboniferous, Permian-Triassic, Jurassic-Paleogene, and 
Neogene-Recent (Buatois et al., 2005) (Fig. 14.9). 

The first phase (Ediacaran-Ordovician) is a prelude to the 
major invasion that occurred during the rest of the Paleozoic. 
Although Ediacaran trace fossils have been recorded for the 
most part in open-marine strata, at least in one case, biogenic 
structures were described from deposits formed in a coastal 
environment subjected to rapid changes in salinity, as well as 
in sedimentation rate and turbidity (Netto and Martini da 
Rosa, 2001). This ichnofauna may represent one of the earliest 
attempts of benthic organisms to survive under marginal-ma- 
rine conditions. As a result of the Cambrian explosion, a new 
array of characters invaded brackish-water settings. Among 
these, arthropods, including trilobites, trilobitomorphs, and 
eurypterids, were among the most successful (Selley, 1970; 
Mikulas, 1995; Braddy and Almond, 1999; Webber and Braddy, 
2004; Mangano and Buatois, 2003a). In Cambrian-Ordovician 
estuaries and embayments, trace fossils of trilobites and other 
arthropods occur in fine-grained deposits of low-energy zones, 
while high- to moderate-energy sandstones, such as those 
forming subtidal bars, are dominated by vertical burrows (e.g. 
Skolithos) (e.g. Martin, 1993; Mangano et al., 2001b; Mangano 
and Buatois, 2003a; Baldwin et al., 2004). Most of the lower 
Paleozoic ichnofaunas recorded in marginal-marine deposits 
are from tide-dominated estuaries, where salinity stress was 
probably attenuated by tidal mixing. Also, environmental 
expansion is recorded through the early Paleozoic. Cambrian 
trace fossils seem to be restricted to the outer regions of estuar- 
ies, but Ordovician ichnofaunas reveal a slight landward expan- 
sion, also being present in more central zones of the estuaries 
(Mangano and Droser, 2004). In any case, intensity of bioturb- 
ation and ichnodiversity levels remained relatively low. 




Trace fossils in evolutionary paleoecology 



284 




Jurassic-Paleogene 

V 




Cambrian-Ordovician 



Neogene 



Figure 14.9 Colonization of brackish-water environments through geological time. The inner-estuary zone was essentially barren of bio- 
genic structures during the Ediacaran-Ordovician. During the Silurian-Carboniferous, facies-crossing ichnotaxa, such as Arenicolites (Ar), 
Palaeophycus {Pa), and Skolithos (Sk), occur. Inner-estuarine Permian-Triassic deposits are characterized by the addition of the crustacean 
burrow Thalassinoides (Th). An increase in ichnodiversity in this environment took place during the Jurassic-Paleogene with the addition of a 
number of ichnotaxa, including Ophiomorpha (Op), Rosselia (Ro), Teichichnus (Te), Cylindrichnus (Cy), and Diplocraterion (Di). Neogene inner- 
estuarine ichnofaunas are similar to those from the Jurassic-Paleogene, but may contain Psilonichnus (Ps) and Gastrochaenolites (Ga) as well. 
Cambrian-Ordovician middle-estuarine deposits are typically sparsely burrowed, and contain Diplichnites (Dp), Diplocraterion (Di), Trichophycus 
(Tr), and Palaeophycus (Pa). A remarkable increase in trace-fossil diversity occurred in this environment during the Silurian-Carboniferous 
with the presence of a number of ichnotaxa, including Palaeophycus (Pa), Planolites (PI), Asteriacites Cylindrichnus (Cy), Lingutichnus 
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The second phase (Silurian-Carboniferous) is characterized 
by the appearance of more varied trace-fossil morphologies 
and behavioral strategies (Buatois et al., 2005). As a result, a 
slight increase in ichnodiversity with respect to the previous 
phase is detected. While Cambrian-Ordovician ichnofau- 
nas are dominated by arthropod trace fossils, those from the 
Silurian-Carboniferous also inelude ichnotaxa produced by 
other benthic organisms, in particular, bivalves, ophiuroids, 
and polychaetes. The replacement of trilobite-dominated 
ichnofaunas may have been a consequence of the end-Ordovi- 
cian mass extinction, although an apparent decline in the abun- 
dance of trilobite trace fossils was already apparent by the Late 
Ordovician (Mangano and Droser, 2004) (see Section 14.1.4). 
The presence of more varied ichnofaunas may reflect an evo- 
lutionary rebound after the Late Ordovician mass extinction. 
Also, Silurian-Carboniferous benthic faunas experienced a 
remarkable environmental expansion, as illustrated by trace 
fossils present in inner- and middle-estuarine deposits as well 
(Buatois et al., 2002b). The extensive eolonization of terrestrial 
settings by land plants and animals may have promoted envir- 
onmental expansion and increased complexity of estuarine 
food webs. Silurian-Carboniferous brackish-water ichnofau- 
nas were essentially restricted to softgrounds, with very limited 
emplacement in firmgrounds. The intensity of bioturbation 
remains relatively low. 

Our understanding of the third phase (Permian-Triassic) 
still suffers from a scarcity of studies. Permian brackish-water 
traee-fossil assemblages are more similar to those from the 
Mesozoic rather than Paleozoic ones (Buatois et al., 2005, 
2007b; Netto et al., 2007). Despite these overall similarities, 
Permian-Triassic brackish-water deposits remain less bio- 
turbated, and contain lower-diversity trace-fossil suites than 
those from the fourth phase. Aceordingly, Permian-Triassic 
trace-fossil assemblages seem to represent a transitional 
phase between Paleozoic and Mesozoic marginal-marine 
ichnofaunas. Body-fossil data indicate that crustaceans radi- 
ated during the late Paleozoic, and that some of them adapted 
to brackish water (Briggs and Clarkson, 1990). Ichnological 
studies reveal the presence of numerous burrows that may 
have been produced by crustaceans, including Thalassinoides 
and Gyrolithes (Carmona et al., 2004; Buatois et al., 2007b; 



Netto et al., 2007). Firmgrounds commonly contained the 
Glossifungites ichnofacies, reflecting adaptations to com- 
pacted muds (e.g. Tognoli and Netto, 2003; Buatois et al., 
2007b; Netto et al., 2007). 

The fourth phase (Jurassic-Paleogene) is marked by a not- 
able increase in ichnodiversity and degree of bioturbation 
of brackish-water estuarine deposits (Buatois et al., 2005). 
Although less diverse than their fully marine counterparts, 
relatively diverse iehnofaunas have been recorded (e.g. Beynon 
et al., 1988; Beynon and Pemberton, 1992; MacEachern and 
Pemberton, 1994; MacEaehern and Gingras, 2007). Also, 
Jurassic-Paleogene marginal-marine deposits tend to be 
more intensely bioturbated than older deposits. While older 
brackish-water substrates displaying trace fossils were essen- 
tially softgrounds and firmgrounds, hardgrounds and xylic 
substrates also become colonized during the late Mesozoic 
(e.g. Bromley et al., 1984; Savrda et al., 1993; Gingras et al., 
2004). 

The fifth phase (Neogene-Recent) is characterized by 
the appearanee of the modern brackish-water benthos. 
However, differences with respect to Jurassic-Paleogene 
iehnofaunas are subtle. Brackish-water ichnofaunas may 
reach moderately high diversities, typically in middle- and 
outer-estuarine regions. Also, the degree of bioturbation 
may be rather high in some deposits, such as those of estu- 
arine tidal flats (e.g. Gingras et al., 1999b). All types of 
substrates were colonized during the Neogene, including 
cemented surfaees, shells, and elasts. This pattern reflects 
the radiation of various groups of borers (e.g. sponges, 
polychaetes, gastropods, and bivalves) into brackish water 
(Gingras et al., 2001). 

Buatois et al. (2005) also noticed that although brackish- 
water iehnofaunas display clear evolutionary trends, some 
trace-fossil suites and ichnofabrics are remarkably persistent, 
reflecting the activity of conservative biotas. They proposed, 
as an example, the common occurrence in brackish-water fine- 
grained, heterolithic facies of Teichiclmus forming monospe- 
cific suites, or associated with small Planolites (Fig. 14. lOa-d). 
This assemblage, commonly associated with synaeresis cracks, 
occurs in stressed marginal-marine environments from the 
Cambrian to the Recent. 



Caption for Figure 14.9 Continued 

(Li), Protovirgularia (Pr), Chondrites (Ch), Teichiclmus (Te), and Zoophycos (Zo). Permian-Triassic middle-estuarine ichnofaunas tend to be 
dominated by Thalassinoides (Th), Diplocraterion (Di), Arenicolites (Ar), Lingutichnus (Li), Teichichnus (Te), Rhizocorallium (Rli), Planolites (PI), 
and Palaeophycus (Pa). By the Jurassic-Paleogene, crustacean burrows, including Gyrolithes (Gy), Thalassinoides (Th) and Ophiomorpha (Op), 
become dominant, but many other facies-crossing ichnotaxa are abundant also. Neogene middle-estuarine ichnofaunas are similar to those from 
the Jurassic-Paleogene, but with the addition of Psilonichnus (Ps) and Gastrochaenolites (Ga). Cambrian-Ordovician outer-estuarine deposits 
tend to display more ichnodiversity than coeval deposits formed further into the estuary. Ichnofaunas are dominated by vertical burrows such as 
Skolithos (Sk) and Diplocraterion (Dp), trilobite trace fossils including Cruziana (Cr), Rusophycus (Ru) and Dimorphichnus (Dm), Teichichnus (Te), 
and Palaeophycus (Pa). During the Silurian-Carboniferous, other ichnotaxa become dominant in outer-estuarine settings, including Gyrochorte 
(Gc), Psammichnites (Ps), Arenicolites (Ar), and Cylindrichnus (Cy). Permian-Triassic outer-estuarine deposits contain abundant vertical burrows, 
but also tend to show crustacean burrow galleries such as Thalassinoides (Th), together with Rhizocorallium (Rli), Lingutichnus (Li), Trichichnus 
(Tr), and Palaeophycus (Pa). Jurassic-Paleogene outer-estuarine ichnofaunas typically display more diversity than those of the Permian-Triassic. 
Crustacean burrows, including Thalassinoides (Th) and Ophiomorpha (Op), are dominant. Polychaete burrows, such as Rosselia (Ro), Asterosoma 
(A.s), and Cylindrichnus (Cy) are also common. Grazing trails, such as Helminthopsis (HI), are less common. Neogene ichnofaunas are very simi- 
lar to those of the Jurassic-Paleogene, but with the addition of Psilonichnus (Ps), Gastrochaenolites (Ga), and locally Chondrites (Ch). Modified 
from Buatois et al. (2005). 
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Figure 14.10 The Teichichnus 
ichnofabric as an example of a per- 
sistent trace-fossil association in 
Phanerozoic brackish-water envi- 
ronments. Teichichnus may form a 
monospecific suite or be associated 
with Planolites. Synaeresis cracks are 
typically present in this heterolithic 
facies, (a) Middle Cambrian, Earlie 
Formation, northeast of Edmonton, 
western Canada. Core width is 9 cm. 
(b) Lower Permian, Rio Bonito 
Formation, Mina de Irui, southern 
Brazil. Core width is 7 cm. See Buatois 
et al. (2007b). (c) Upper Cretaceous, 
Napo Formation, Shushufindi 
Field, Oriente Basin, Ecuador. Core 
width is 10 cm. (d) Lower Miocene 
Chenque Formation, Caleta Olivia, 
Patagonia, Argentina. See Carmona 
et al. (2009). 



14.2.6 COLONIZATION OF FRESHWATER AND 
TERRESTRIAL ENVIRONMENTS 

Continental ichnofaunas provide a wealth of information on 
evolutionary paleoecology, providing insights into the process 
of terrestrialization, evolutionary radiations, environmental 
faunal expansions, and exploitation of empty or underutilized 
ecospace (e.g. Miller, 1984; Maples and Archer, 1989; Buatois 
and Mangano, 1993b; Genise and Bown, 1994b; Buatois et al., 
1998c; Miller et al., 2002; Cohen, 2003; Miller and Labandeira, 
2003; Braddy, 2004; Genise, 2004; Mangano and Buatois, 2007) 
(Fig. 14.11). 

Our knowledge of incipient Precambrian and early 
Paleozoic terrestrial ecosystems is patchy at best. Terrestrial 



microorganisms have been recorded in Upper Archean rocks 
(Watanabe et al., 2000), probably becoming widespread by the 
late Mesoproterozoic to the early Neoproterozoic (Horodyski 
and Knauth, 1994; Prave, 2002). Spore-like microfossils or 
cryptospores are known since the Middle Cambrian, suggesting 
the establishment of a nascent semi-aquatic to subaerial flora 
of bryophyte grade (Strother, 2000; Strother and Beck, 2000). 
Spores indicative of land vegetation occur in Middle Ordovician 
rocks (Strother et al., 1996), while spores and plant fragments 
have been documented in Upper Ordovician deposits (Wellman 
et al., 2003). Fluvial style was dominantly sheet-braided with 
little mud preservation (Davies and Gibling, 2009). The earli- 
est evidence of animal incursions into the land is trackways 
produced by an amphibious organism in Upper Cambrian to 
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Figure 14.11 Colonization of continental environments. Invertebrate ichnofaunal changes occurred in the different continental environments 
throughout the Phanerozoic, with the colonization of lacustrine substrates being delayed with respect to that of overbank and lake-margin depos- 
its. Ordovician to Carboniferous overbank to lake-margin deposits are dominated by arthropod trackways, including Siskemia (Si), Stiaria (St), 
Diplichnites (Di), and Merostomichnites (Mt), accompanied by bilobate traces such as Rusophycus (Ru) and grazing trails such as Mermia (Me). 
Permian deposits include the striated meniscate trace fossil Scoyenia (5c), together with Taenidium (Ta), Diplichnites (Di), Palaeophycus (Pa), 
Merostomichnites (Mt), and Rusophycus (Ru). In contrast, Carboniferous-Permian ichnofaunas in permanent subaqueous portions of lacustrine 
systems are dominated by grazing trails such as Mermia (Me), Helminthopsis (HI), Helminthoidichnites (He), and Gordia (Go). All these horizontal 
trace fossils are emplaced very close to the sediment-water interface, resulting in almost no disturbance of the primary sedimentary fabric. Overbank 
to lake-margin deposits display increased degree of bioturbation since the Triassic. Some of the typical elements are the backfilled trace fossils 
Scoyenia (Sc) and Taenidium (Ta), the crayfish burrow Camhorygma (Ca), and simple burrows such as Planolites (PI) and Palaeophycus (Pa). During 
the Triassic-Jurassic, an increase in depth of bioturbation occurred in permanent subaqueous lacustrine deposits with the appearance of branched 
burrows such as Vagorichnus (Va) and Tuberculichnus (Tu). Grazing trails, such as Cochlichnus (Co), Helminthopsis (HI), and Helminthoidichnites 
(He), persisted but occupying a deeper-tier position. After the Cretaceous, mottled texture attributed to Planolites (PI) and Palaeophycus (Pa) 
became common. Also, a number of biogenic structures attributed to chironomids, including Y-shaped burrows (Yb), are present. Paleozoic and 
post-Paleozoic eolian ichnofaunas are highly different. Little is known about pre-Permian eolian ichnofaunas, but Permian associations tend to be 
dominated by arthropod trackways, such as Octopodichnus (Oc), Paleohelcura (Ph), Oniscoidiclmus (On), and Diplopodichnus (Dd)\ meniscate trace 
fossils, such as Taenidium (Ta), are less common. Post-Paleozoic invertebrate eolian ichnofaunas display much more variety of morphological types, 
including arthropod trackways such as Octopodichnus (Oc) and Paleohelcura (Ph), simple burrows such as Planolites (PI) and Palaeophycus (Pa), the 
bilobate trace fossil Cruziana (Cr), the meniscate trace Taenidium (Ta), the grazing trail Gordia (Go), the small clustered burrow Pustulichnus (Pu), 
and various vertical burrows such as Digitichnus (Dg), Arenicolites (Ar), and Diplocraterion (Dp). Modified from Mangano and Buatois (2007). 



Lower Ordovician coastal eolian-dune deposits (MacNaughton 
et al., 2002). Meniscate trace fossils attributed to millipedes in 
paleosols (Retallack and Feakes, 1987; Retallack, 2001), and 
arthropod trackways (Diplichnites and Diplopodichnus) of 
myriapod-like invertebrates in pond deposits (Johnson et al., 
1994) are known from the Late Ordovician. However, marine 
influence has recently been detected in the deposits hosting the 
meniscate trace fossils (Davies et al., 2010). Although myriapods 



are typically considered terrestrial, Early Ordovician to Late 
Silurian representatives were probably aquatic or amphibious 
(Almond, 1985). 

A significant invasion of continental environments close to 
the Silurian-Devonian transition is indicated by trace-fossil data 
(Buatois et al., 1998c). A terrestrial mobile arthropod epifauna 
representative of the Diplichnites ichnoguild was established in 
backshore, subaerial delta-plain, and floodplain environments 
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(Bradshaw, 1981; Woolfe, 1990; Trewin and McNamara, 1995; 
Draganits et al., 2001; Neef, 2004a, b; Davies et al., 2006). By 
the Devonian, ichnofaunas dominated by arthropod trackways 
become relatively common in lake-margin environments (Pollard 
et al, 1982; Pollard and Walker, 1984; Walker, 1985) (Fig. 14. 1 1). 
It has been suggested that the presence of these ichnofaunas in 
transitional alluvial-lacustrine deposits, rather than fully sub- 
aqueous environments may be a response to the concentration 
of land-derived plant debris along lake shorelines, particularly 
near the mouths of distributary channels (Buatois et ah, 1998c). 
Nutrient delivery to lakes may have been quite limited during 
the early Paleozoic before the onset of abundant upland terres- 
trial plant eover (Cohen, 2003). Ichnological evidence is consist- 
ent with body-fossil data, whieh indicate that before the Silurian 
lake inhabitants may have been rare, mostly linked to accidental 
incursions from marine habitats (Cohen, 2003). Also, by the Late 
Silurian to Early Devonian, vascular plants became common, 
an increase in the abundance of underground rooting systems 
took place, and muddy floodplains were widespread, allowing 
stabilization of channel banks. As a result, meandering systems 
became dominant and humic material built up in soils promot- 
ing colonization by organisms (Davies and Gibling, 2009). 

While these ichnofaunas occur in low-energy, protected areas, 
vertical burrows seem to be common in relatively high-energy 
fluvial deposits, reflecting the establishment of a stationary, deep 
suspension-feeding infauna (Skolithos iehnoguild). However, 
the degree of marine influenee in some of these deposits has 
been controversial (Bradshaw, 1981; Woolfe, 1990). A relatively 
deep-tier deposit-feeding infauna, represented by large (up to 
250 mm wide) meniscate trace fossils (Beaconites-Taenidium 
iehnoguild), becomes widespread in abandoned fluvial-channel 
and overbank deposits by the Devonian and Carboniferous (e.g. 
Gevers et al, 1971; Allen and Williams, 1981; Bradshaw, 1981; 
Gevers and Twomey, 1982; Graham and Pollard, 1982; Bruck 
et al., 1985; Bamford et al., 1986; Gordon, 1988; Keighley and 
Pickerill, 1997; Draganits et al., 2001; Morrissey and Braddy, 
2004). Ichnodiversity in these fluvial deposits is generally low. 
Based on the recurrent association of the meniscate trace fos- 
sils and large Diplichnites, as well as their similar size range, 
a myriapod (e.g. arthropleurid) producer has been invoked 
(Morrissey and Braddy, 2004). In particular, a potential produ- 
cer, the arthropod Bennettarthra annwnensis, has been suggested 
recently (Payers et al., 2010). 

Ordovician-Devonian ichnofaunas were restricted to allu- 
vial and transitional alluvial-lacustrine environments, but 
Carboniferous trace fossils are also present in fully subaque- 
ous lacustrine settings, signaling a significant environmental 
expansion of the benthic fauna (Buatois and Mangano, 1993b; 
Buatois et ah, 1998c) (Fig. 14.11). These lacustrine deposits 
were colonized by a moderately diverse, mobile detritus-feeding 
epifauna of the Mermia iehnoguild. It has been suggested that 
this expansion was probably linked to the rapid diversification, 
and increase in abundance of land plants. Vegetation changes 
may have introduced abundant organic detritus into previ- 
ously nutrient-poor, lacustrine habitats (Maples and Archer, 
1989). An analogous situation was proposed for terrestrial 



environments based on the migration of plants from geographi- 
cally marginal areas (upland areas peripheral to major basinal 
wetlands) to the lowlands during the Carboniferous-Permian 
transition (DiMichele and Aronson, 1992). This pattern is 
consistent with environmental trends experienced by aquatic 
insects, which first originated in running water and later moved 
into lacustrine habitats (Wooton, 1988; Wiggins and Wichard, 
1989). Ichnodiversity diagrams plotted as number of ichnogen- 
era per million years show a rapid diversification during the 
Silurian-Devonian and then a continuous increase in trace- 
fossil diversity during the late Paleozoic (Buatois et al., 1998c). 
However, these authors indicated that when the data are nor- 
malized to correct for differences in volume of continental 
deposits, the major diversification event seems to have occurred 
during the Carboniferous. This increase in ichnodiversity was 
accompanied by the diversification of freshwater organisms 
such as arthropods, annelids, fish, and mollusks (Maples and 
Archer, 1989). All continental sedimentary environments were 
colonized by the Carboniferous, and subsequent patterns indi- 
cate an increase of ecospace utilization within already colo- 
nized depositional settings (Fig. 14.11). For example, during the 
Permian the presence of striated and meniscate trace fossils of 
the Scoyenia iehnoguild record the establishment of a mobile, 
intermediate-depth, deposit-feeding infauna that was able to 
colonize firm, desiccated substrates in floodplain environments. 

A decrease in diversity at familial level in lake environments took 
place during the Early Permian to the Middle Triassic. This was 
followed by a subsequent increase by the Late Triassic, in an evolu- 
tionary event referred to as the “Lacustrine Mesozoic Revolution” 
by Cohen (2003). In lake-margin and overbank environments, 
meniscate trace fossils of the Scoyenia iehnoguild became more 
abundant, leading to increased disturbance of the primary fab- 
ric since the Triassic (Buatois et al., 1998c). Also in these settings, 
a stationary deep infauna attributed to freshwater crayfish, the 
Camborygma iehnoguild, was established by the Triassic (Hasiotis 
and Mitchell, 1993; Hasiotis et al., 1993a) (Fig. 14.1 1). Parallel to 
this increase in burrowing extent and depth, a remarkable decrease 
in the abundance of arthropod trackways is apparent. 

Changes also occurred in the permanent subaqueous portion 
of lacustrine systems with the appearance of penetrative trace 
fossils consisting of networks of irregularly branched burrows 
during the Middle to Late Triassie (Voigt and Hoppe, 2010). 
These burrow systems may refleet the aetivity of deposit-feeding 
oligochaetes or insect larvae. This mobile, intermediate-depth, 
deposit-feeding infauna is also illustrated by the Vagorichnus ich- 
noguild, recorded in Jurassic deep-lake deposits (Buatois et al., 
1996b, 1998c). In contrast to Paleozoic permanent subaque- 
ous assemblages typified by surface trails, Mesozoic lacustrine 
ichnofaunas are dominated by infaunal burrows. Evolutionary 
innovations resulting from the Mesozoic lacustrine revolution 
were ultimately conducive to the establishment of modern 
lacustrine ecosystems and food webs by the Late Cretaceous 
(Cohen, 2003). High density of infaunal deposit-feeding traces 
of the Planolites iehnoguild has caused major disruption of 
lacustrine sedimentary fabrics since the Cretaceous (Buatois 
and Mangano, 1998; Buatois et al, 1998c) (Fig. 14.11). 
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Interestingly, meniscate trace fossils of the Beaconites- 
Taenidium ichnoguild, which consist of large structures, occu- 
pying deeper tiers in the Paleozoic, are commonly smaller and 
occupied a middle-tier position during the Mesozoic and most 
of the Cenozoic (Buatois et al., 2007a). This pattern is consist- 
ent with the idea of Morrissey and Braddy (2004) that a myr- 
iapod (e.g. arthropleurid) produced these large meniscate traee 
fossils in the Silurian-Carboniferous (see also Payers et al., 
2010). However, by the Miocene large and deep baekfilled bur- 
rows reoccupied deep tiers in similar overbank and abandoned- 
channel deposits (Buatois et al, 2007a). 

Freshwater iehnofaunas display an overall increase in extent 
and depth of bioturbation through the Phanerozoic (Miller, 
1984; Buatois et al., 1998c; Miller et al., 2002; Miller and 
Labandeira, 2003). Comparative analysis of continental ichno- 
faunas in space and time suggests that inereases in bioturbation 
depth and intensity took place progressively through time, from 
fluvial and lake-margin settings to permanent subaqueous lacus- 
trine environments (Buatois et ah, 1998c). This increase in depth 
and intensity of bioturbation strongly influenced the nature of 
the stratigraphic record of continental environments, producing 
increasing disturbance of primary sedimentary fabries. 

Evolutionary aspects also play a major role in paleosol ich- 
nology (Pemberton et al., 1992b; Buatois et al., 1998c; Genise, 
2004). Late Jurassic to Early Cretaceous paleosols tend to 
be dominated by meniscate trace fossils (e.g. Taenidium, 
Beaconites), erayfish burrows (e.g. Loloichnus haqueroensis, 
Dagnichnus titoi, Cellicalichnus meniscatus) and earthworm 
boxworks (Castrichnus) (Genise et al., 2008; Bedatou et al., 
2008, 2009). In addition, ichnological evidence suggests that 
fungiculture in social insects may have been attained by the 
Early Cretaceous (Genise et al., 2010b). By the Late Cretaceous, 
bee nests {Cellicalichnus chuhutensis) and pupal chambers of 
coleopterans (Rehuffoichnus) and insects of uncertain affin- 
ities {Fictovichnus, Pallichnus) became eommon (Johnson et al., 
1996; Genise et al., 2002, 2007). The most important families of 
insect chambered trace fossils (Coprinisphaeridae, Pallichnidae, 
Krausichnidae, and Celliformidae) are virtually absent in pre- 
Cenozoic paleosols (Genise and Bown, 1994a, b; Genise et al., 
2002; Genise, 2004). Claims of Triassic bee cells and termite 



nests (Hasiotis and Dubiel, 1993, 1995; Hasiotis, 2002) and 
Jurassic termite nests, bee eells, dung-beetle nests, and ant gal- 
leries (Hasiotis, 2002, 2004) have met general rejection (e.g. 
Grimaldi, 1999; Engel, 2001; Genise, 2000, 2004; Grimaldi and 
Engel, 2005; Bromley et al., 2007). This negative reception has 
been based on (1) the fact that these ecologically keystone insects 
have not been found in pre-existing non-angiosperm-dominated 
ecosystems, and (2) the reported Triassic and Jurassic trace fos- 
sils do not show diagnostic features supporting their attribution 
to these modern groups of insects (e.g. spiral closure cap in bee 
nests). In fact, recent re-examination of part of this material 
(the supposed Triassic bee nests) revealed that the observations 
claimed to identify these structures as produced by bees cannot 
be replicated (Lucas et al., 2010b). 

Diversification of modern insects is recorded by the 
abundance and complexity of structures produced by 
wasps (e.g. Chubutolithes), bees (e.g. Celliforma, Uruguay, 
Ellipsoideichnus, Palmiraichnus, and Rosellichnus), dung-bee- 
tles (e.g. Coprinisphaera&ndFontanai) ants (e.g. Attaichnus and 
Parowanichnus), and termites (e.g. Termitichnus, Vondrichnus, 
Syntermesichnus, Coatonichnus, Tacuruichnus, Fleaglellius, 
Krausichnus and Microfavichnus) in Cenozoic paleosols 
(Genise and Bown, 1994a, b; Genise, 2004; Duringer et al., 
2006, 2007). This evolutionary event has been referred to as 
the “Paleogene Paleosol Revolution” (Buatois and Mangano, 
2009b). This pattern reflects the appearance of ecologically 
keystone insects that coevolved with angiosperms by the mid 
Early Cretaceous (Thorne et al., 2000; Grimaldi and Engel, 
2005; Bromley et al., 2007). In addition, nests produced by 
these groups of insects have a greater preservation potential 
than other continental biogenic structures because they are 
constructed struetures and not merely excavated ones (Genise 
and Bown, 1994a). 

Eolian environments also experienced signifieant ichnofau- 
nal changes through the Phanerozoic (Fig. 14.11). An increase 
in diversity of trace fossils occurs in eolian deposits by the 
Permian-Triassic transition. Post-Paleozoic iehnofaunas dis- 
play more varied behavioral patterns than their Paleozoic coun- 
terparts (Gradzinski and Uchman, 1994; Buatois et al, 1998c). 
Many of the examples of Paleozoic eolian dune iehnofaunas are 



Box 14.2 The impact of oribatid mites on plant tissue decomposition in late Paleozoic coal swamps 

The field of arthropod-plant interactions has undergone an explosive development during the last 15 years. Trace fossils pre- 
served in plant material provide a wealth of information for understanding food webs in terrestrial to coastal ecosystems. In 
modern temperate forest ecosystems, oribatid mites are key animals in converting plant litter and wood to organic residues. 
However, little is known of their fossil history and their body-fossil record commences in the Middle Devonian, but does not 
reappear until the Early Jurassic. The trace-fossil record, therefore, provides an independent source of data. Analysis of dam- 
age produced by oribatid mites in plant tissue preserved in Pennsylvanian coal-ball deposits of eastern North America helps 
to fill this gap. Examination of these coal balls reveals the presence of a number of trace fossils attributed to mites, including 
coprolites and tunnels within plant tissues. Virtually all the permineralized tissues from the dominant plant groups, namely 
lycopsids, calamites, ferns, seed ferns, and cordaites, have been attacked by oribatid mites. This study underscores the role of 
these arthropods as decomposers in late Paleozoic coal-swamp forests. 

Reference: Labandeira et al. (1997). 
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Figure 14.12. Expansion of arthropod herbivory during the Phanerozoic, showing arthropod producers, and host plants and fungi for the four phases 
of herbivory expansion. Based on Labandeira (2006). 
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dominated by arthropod and reptile trackways (e.g. Gilmore, 
1926, 1927; Brady, 1947; Alf, 1968; Brand and Tang, 1991; 
Brand, 1992; Lockley, 1992; Loope, 1992; Sadler, 1993; Lockley 
et ai, 1994; Braddy, 1995; Kramer et al., 1995; Brand and 
Kramer, 1996; Hunt and Lucas, 2007). Arthropod trackways 
include Octopodichnus (scorpions), Oniscoidichnus (isopods), 
Diplopodichnus (millipedes), Paleohelcura (scorpions), and 
Permichnium (insects). With respect to reptile trackways, the 
sinapsid ichnogenera Laoporus and Chelichnus are common 
(McKeever, 1991; Lockley et al., 1994, 1995; Kramer et al., 
1995; Morales and Haubold, 1995). In particular, Lockley et al. 
(1995) noted that most of arthropod and vertebrate trackways 
were produced subaerially on dune faces. 

Mesozoic eolian ichnofaunas are more varied rather than 
being dominated by arthropod trackways. Ichnofaunas 
from interdunes and dunes contain vertical U-shaped bur- 
rows (e.g. Arenicolites and Diplocraterion), short vertical bur- 
rows (Digitichnus), meniscate trace fossils (e.g. Taenidium and 
Entradichnus), grazing trails (e.g. Gordia), bilobate locomotion 
traces (e.g. Cruziana), simple horizontal feeding and dwelling 
traces (e.g. Planolites and Palaeophycus) (Ekdale and Picard, 
1985; Netto, 1989; Fernandes et al., 1990; Gradzinski and 
Uchman, 1994; Ekdale et al., 2007). The typical vertebrate 
ichnogenus in eolian-dune deposits is the sinapsid trackway 
Brasilichnium (Leonardi, 1981; Lockley eta/., 1994; Lockley and 
Meyer, 2000; Hunt and Lucas, 2006c). Cenozoic eolian depos- 
its may contain abundant vertebrate trackways. For example, 
Fornos et al. (2002) documented superbly preserved trackways 
of the ruminant goat Myotragus balearicus in Pleistocene eoli- 
anites formed in cliff-front coastal echo dunes. 

14.2.7 ARTHROPOD-PLANT INTERACTIONS 
THROUGH THE PHANEROZOIC 

Analysis of arthropod-plant interactions based on the study of 
traces produced in fossil leaves and other plant remains is reveal- 
ing an amazing wealth of data which helps to explain the evo- 
lution of terrestrial ecosystems through the Phanerozoic (e.g. 
Labandeira, 1997, 1998, 2000, 2002, 2006, 2007) (Box 14.2). 
Labandeira (2007) outlined the main advantages of arthropod- 
plant associational data, namely (1) they are common in depos- 
its that lack insect body fossils; (2) they are more abundant and 
useful than insect body fossils in the same deposits; (3) they fre- 
quently predate the insect body fossil record; (4) they provide 
behavioral information unavailable from the body-fossil record; 
and (5) they supply critical information for testing paleobio- 
logical and macroevolutionary hypotheses. 

Based on this dataset, Labandeira (2006) suggested that the 
history of arthropod herbivory can be summarized in four main 
phases of expansion (Fig. 14.12). Each phase is defined by: (1) 
a temporally constrained and taxonomically distinctive suite of 



plant-host clades; (2) a coeval assemblage of arthropod herbi- 
vore clades in association with plant host clades; and (3) the 
presence of a representative associational biota early within the 
development of the phase. An analysis of the evolutionary his- 
tory of palynivory and nectarivory results in the delineation of 
similar phases (Labandeira, 2000). 

The first phase spans the Late Silurian to Late Devonian, and 
mostly consists of structures produced by myriapods and, to a 
lesser extent, apterygote hexapods and possibly true insects. The 
host plants are basal clades of vascular plants (primitive land 
plants) and prototaxalean fungus. Arthropod-plant associa- 
tions include three functional feeding groups, namely external 
foliage feeding, piercing-and-sucking, and boring. Coprolites 
containing spores provide the earliest evidence of palynivory 
(Edwards et ai, 1995). Evidence for this phase comes essentially 
from the coastal plains of Euramerica. 

The second phase encompasses the mid Carboniferous to 
end Permian, and includes structures produced by a wider 
array of makers than in the previous phase, including not only 
myriapods and apterygote hexapods, but also mites, and pale- 
opterous and neopterous insects (the Paleozoic insect fauna of 
Labandeira, 2000). The host plants are mostly medulosan and 
glossopterid pteridosperms, and, to a lesser extent, lyginop- 
terid pteridosperms and cordaites (early seed plants and ferns). 
With respect to functional feeding groups, three more types are 
added to those previously present in phase 1, galling, seed pre- 
dations, and non-feeding oviposition. Considerably more evi- 
dence of spore feeding is available from this phase. Information 
comes from wetlands in fluvial and coastal plains mostly from 
Euramerica, although information from Gondwana has been 
added in recent years (e.g. Adami-Rodrigues et al., 2004). 

The third phase is Middle Triassic to Recent in age, and is repre- 
sented by structures produced by mites, orthopteroids, hemipter- 
oids, and basal holometabolan clades (earlier phase of the Modern 
insect fauna of Labandeira 2000). The host plants are pterido- 
phytes and gymnosperms (seed plants). Leaf mining is added to 
the previous groups and, accordingly, the seven functional feeding 
groups that characterize modern ecosystems were already present 
in the early Mesozoic. The dataset for this phase comes from a 
wide variety of environmental settings in all continents. 

The fourth phase spans the mid Early Cretaceous to Recent, and 
includes structures produced by Modern-aspect orthopteroids 
and derived hemipteroid and holometabolous insects (later phase 
of the Modern insect fauna of Labandeira 2000). Angiosperms 
are the host plants, and the seven functional feeding groups are 
present. This phase is evidenced by the largest dataset, encom- 
passing a wide array of terrestrial and coastal environments and 
all continents, although most information comes from North 
America and western Europe. Most insect mouthpart classes, 
functional feeding groups, and dietary guilds were established by 
the end of the Cretaceous (Labandeira, 2002). 
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And what had he felt, I asked Mario, when he’d seen it there, the huelld} 

“One thing is to see artifacts presumably made by somebody and another is to see the pisada someone made, what their foot left in 
the earth. That’s what gives you the sense of humanity, right?” 

Ariel Dorfman 
Desert Memories (2004) 



While the previous chapter deals with processes occurring at the 
scale of deep time, we now move into a more recent past, a time 
witnessing human activities. For the implications of trace fos- 
sils in paleoanthropology, information is based on the study of 
human fossil footprints (Kim et al., 2008a). Human footprints 
also play a major role in archaeology, although sources of infor- 
mation are found in many other ichnological datasets, such as 
bioerosion and bioturbation structures, and other vertebrate 
tracks as well (Baucon et al., 2008). The aim of this chapter 
is to review recent research in the area of ichnological applica- 
tions in paleoanthropology and archaeology. The hrst half of 
the chapter will be devoted to review the fossil record of human 
footprints, from the Pliocene to the Holocene. The second half 
will explore the uses of ichnology in archaeology. 

15.1 APPLICATIONS IN PALEOANTHROPOLOGY 



Hominid fossil footprints represent a rich record with examples 
in all continents with the exception of Antarctica (Kim et al., 
2008b) (Fig. 15.1). A recent review indicates the existence of 
at least 63 reported hominid tracksites (Lockley et al., 2008a). 
Specifically, the term “hominid ichnology” was introduced by 
Lockley (1998) for the study of all traces made by hominids. 
Although, in a broad sense, the field of hominid ichnology 
includes not only footprints, but also butchering and feeding 
traces, evidence of stone tool industries, and even any evidence 
of built structure, it is advisable to restrict the field to avoid full 
overlap with other disciplines (Kim et al., 2008a). As noted by 
these authors, fossil footprints are the main field of hominid 
ichnology and, therefore, we will focus on their implications in 
paleoanthropology. 

15.1.1 THE PLIOCENE RECORD 

The only recorded Pliocene hominid footprints are those from 
Laetoli, Tanzania, which represent the oldest hominid tracks 
known (Leakey and Hay, 1979; Hay and Leakey, 1982; Suwa, 
1984; Leakey and Harris, 1987; Tuttle et al., 1990; Raichlen 
et al., 2008; Meldrum et ah, 2011). The Laetoli site contains 
three trackways preserved in volcanic ash dated to 3.56 million 



years ago (Leakey, 1981, 1987). Abundant mammal and avian 
fossil tracks also occur in the Laetoli area (Musiba et al., 2008). 
The composition of these vertebrate ichnofaunas suggests a 
number of microhabitats, such as open grasslands and wooded 
galleries, in a mosaic landscape. 

The original and standard interpretation is that the track- 
ways were produced by Australopithecus afarensis, which is 
essentially consistent with the age of the site and the associ- 
ated bone record (Suwa, 1984). However, alternative interpre- 
tations have been suggested, and some authors have noted the 
remarkably modern aspect of the tracks, suggesting that they 
are indistinguishable from those produced by the genus Homo 
(Tuttle, 1987, 1996, 2008; but see Meldrum et al., 2011). Based 
on these uncertainties, the Laetoli trackways have been clas- 
sified only at ichnogeneric level as Hominipes isp. (Kim et al., 
2008b). 

15.1.2 THE EARLY PLEISTOCENE RECORD 

There is a significant gap between the age of the Laetoli 
tracksite and the next oldest fossil site (1.5-1. 6 million years 
ago), which is that of the Koobi Fora on the shores of Lake 
Turkana, Kenya (Behrensmeyer and Laporte, 1981; Lockley 
et ah, 2008a). A hominid trackway consisting of seven tracks 
occurs in a sandy mudstone layer accumulated in a lake-mar- 
gin environment. Associated footprints include those of pigmy 
hippopotamuses and wading birds, which is consistent with the 
envisaged environmental setting (Behrensmeyer and Laporte, 
1981). The hominid trackway is inferred to have been produced 
by Homo erectus. As in the case of the Laetoli trackways, that 
from Koobi Fora should be classified only at ichnogeneric level 
as Hominipes isp. 

15.1.3 THE MIDDLE PLEISTOCENE RECORD 

The Middle Pleistocene marks an expansion in the hominid 
footprint fossil record, with occurrences outside of Africa, 
specifically in Europe (Italy and France) (Lockley et al., 
2008a). Of these two recordings, the best documented is that 
of the Roccamonfina Volcano site in Italy, dated between 
385 000 and 325 000 years old (Mietto et al., 2003; Avanzini 
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Figure 15.1 Stratigraphic and geo- 
graphic distribution of human fossil 
footprints, including the most likely 
hominid producers. The consistency 
between the bone and trace-fossil 
record may be in part an artifact 
based on the fact that at least some 
of the footprints are attributed to 
specific hominids on the basis of age 
and the bone record itself The track- 
way record is not continuous. A large 
gap exists between the 3.56 million 
years old Laetoli site (Pliocene) and 
the 1.5-1. 6 million years old Koobi 
Fora (Early Pleistocene). 



et al., 2008). Three trackways have been documented from 
volcanic ash deposited from pyroclastic flows on a volcano 
slope. Although fine morphological details are not preserved, 
the age of the unit is consistent with production by a pre- 
Homo sapiens or pte-Homo neanderthalensis species, H. hei- 
delbergensis being the most likely candidate. 

15.1.4 THE LATE PLEISTOCENE RECORD 

Late Pleistocene human trackways are more abundant and 
widespread and provide definite evidence of the appearance of 
H. sapiens (Lockley et al., 2008a). Early Late Pleistocene hom- 
inid tracks of the last interglacial are recorded in two different 
sites (Nahoon and Langebaan) in South Africa (Roberts, 2008). 
They are preserved in a coastal-eolian calcarenite, and asso- 
ciated with hyena and bird tracks. As noted by Lockley et al. 
(2008a), these recordings are particularly relevant because they 
may represent evidence of the presence of H. sapiens in Africa 
close to the Middle to Late Pleistocene transition. The only 
other Late Pleistocene record in Africa is represented by a sin- 
gle track assigned to H. sapiens in Lake Bogoria, Kenya (Scott 
et ah, 2008). The footprint is preserved on a siltstone formed 
in a lacustrine mud flat and is associated with a wide variety of 
mammal and bird tracks. 

The most extensive Late Pleistocene hominid record occurs in 
Europe, including tracksites in France, Spain, Italy, Romania, 



and Greece (Lockley et al., 2008a). European human tracks are 
almost invariably preserved in caves, such as Lascaux in France 
(Barriere and Sahly, 1964) or Vartop in Romania (Onac et al., 
2005), reflecting a higher preservation potential. Associated 
tracks are mostly those of carnivores (Lockley et al., 2008a). 
The oldest of these are the tracks recorded in Vartop Cave, 
which has been attributed to Homo neanderthalensis (Onac 
et al., 2005). Most of the other recordings most likely corres- 
pond to H. sapiens. 

The Late Pleistocene is characterized by the first occurrence 
of human tracks worldwide, with records extending to Australia 
(Webb et al., 2005), Tibet (Zhang and Li, 2002), and Korea 
(Kim et al., 2009). The Tibet finding is particularly significant 
because no other evidence of humans has been recorded in the 
area (Zhang and Li, 2002). 

15.1.5 THE HOLOCENE RECORD 

The Holocene record reveals an expansion into the Americas, 
with sites recorded in United States (Willey et al., 2009), Mexico 
(Rodriguez-de la Rosa et ah, 2004), Guatemala (Lockley et al., 
2008a), El Salvador (Haberland and Grebe, 1957), Honduras 
(Lockley et al., 2008a), Nicaragua (Lockley et a!., 2008b), and 
Argentina (Bayon and Politis, 1996). In addition, Holocene 
human footprints have been recorded in Europe, including 
England (Roberts, 2009), Wales (Lockley et al., 2008a), Spain 
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Figure 15.2 Human footprints from 
the Monte Hermoso site, Buenos 
Aires Province, Argentina, (a) 
General view of trackway. Pen is 16 
cm. (b) Close up of a track. Coin is 
1 .5 cm. See Bayon and Politis (1996). 



(Lockley et al., 2008a), Italy (Mastrolorenzo et al., 2006), 
Greece (Bromley et al., 2009b), and Turkey (Westaway et ah, 
2006). Examples in Africa and Asia are restricted to Mauritania 
(Mafart, 2006) and Japan (Harada and Noto, 1984), respect- 
ively. Additional recordings have been reported from Australia 
(Lockley et al., 2008a) and New Zealand (Nichol, 1982). 

The Acahualinca Footprint Museum site in Nicaragua has 
been regarded as the most important fossil human tracksite 
(Lockley et al., 2008b). These authors noted that the site com- 
bines accessibility, a large number of well-preserved trackways, 
and reliable dating. Accordingly, Kim et al. (2008b) selected 
these trackways as the type sample for Hominipes modernus, 
inferred to be produced by Homo sapiens. The tracksites in 
Monte Hermoso and Pehuen-Co, Argentina, are particularly 
remarkable because they host hundreds of hominid trackways 
(Fig. 15.2a--b) together with mammal and bird footprints, and 
invertebrate trace fossils (Bayon and Politis, 1996; Aramayo, 
2009; Aramayo and Manera de Bianco, 2009). These sites 
record the activities of human communities living in the prox- 
imity of a coastal lake. 

15.2 APPLICATIONS IN ARCHAEOLOGY 



The applications of ichnology in archaeology or Ichnoarchae- 
ology (Baucon et al., 2008) represent a relatively new field. 
However, archaeological studies have commonly incorporated 
trace-fossil information without necessarily referring to the con- 
ceptual framework of ichnology (e.g. Pierce, 1992; Milner and 
Smith, 2005). Only a very few papers have dealt with archaeo- 
logical aspects from an ichnological perspective (e.g. Mikulas 
and Cilek, 1998; West and Hasiotis, 2007; Rodriguez-Tovar 



et al., 2010b, c). As a result, Baucon et al. (2008) noted that a 
uniform, systematic approach has been lacking. Undoubtedly, 
ichnoarchaeology is a vibrant new field undergoing expansion 
particularly in the Mediterranean region (see review by Baucon 
et ah, 2008). In this section, we briefly review some of its most 
recent developments. 

15.2.1 BIOGENIC STRUCTURES IN NATURAL AND 
ARTIEICIAL SUBSTRATES 

Ichnology traditionally deals with biogenic structures produced 
in natural substrates. In archaeology, trace-fossil information 
is preserved not only in natural substrates but also in artificial 
ones. In the case of natural substrates, bioturbation structures 
may provide information, but their preservation potential is 
usually low because diagenetic processes have acted for insuf- 
ficient time (Baucon et al., 2008). Where preserved, footprints 
may yield valuable insights, as illustrated by human and horse 
tracks formed in a ceramic manufacturing workshop of the 
Bronze Age in Qatna, Syria (Baucon et al., 2008). Burrows 
have received comparatively little attention in archaeological 
contexts. Burrows may record emplacement contemporan- 
eous with the archaeological site or reveal a later bioturbation 
event. In the latter case, animals are responsible for signifi- 
cantly mixing sediment at the archaeological sites (Araujo and 
Marcelino, 2003). Borings are common in archaeological con- 
texts because of their high preservation potential in natural 
substrates, and have been used to decipher sea-level changes 
in rocky shorelines, mostly in the Mediterranean region (e.g. 
Pirazzoli et al., 1982). Work on wood bioerosion essentially 
reflects the fact that xylophagous insects may significantly 



15.2 Applications in archaeology 295 



damage wood materials, but the potential of wood borings as 
sources of information remain unexplored in ichnoarchaeol- 
ogy (Baucon et al., 2008). 

Artificial substrates commonly help in the preservation of 
biogenic structures in archaeological sites. Bricks help to pre- 
serve tracks because of their geotechnical properties, open-air 
drying, rapid diagenesis, resistance, and abundance (Baucon 
et al., 2008). Bird and mammal footprints in bricks of Roman 
and Medieval sites have been extensively studied (Higgs, 2001). 
Borings are also preserved in artificial substrates, those in the 
pillars of the Temple of Serapis, Italy, being the classic example, 
as illustrated by Lyell (1830). 

Also, bones comprise substrates for the preservation of 
human-produced structures. Of these, human skulls have 
been modified for various cultural purposes, including surgi- 
cal or religious ones (e.g. Rytel, 1962; Lillie, 1998). The study 
of these structures, although technically within the field of 



ichnoarchaeology, falls close to the boundaries of the discipline 
(Baucon et ah, 2008). Finally, study of trace fossils in archaeo- 
logical objects (e.g. flint artifacts) offers the opportunity to 
identify the geological sources of raw material exploited in tool 
construction (Rodriguez-Tovar et al., 2010b, c) (Box 15.1). 

15.2.2 ICHNOLOGICAL HIEROPHANIES 

Hierophanies are physical manifestations of the holy or sacred 
(Eliade, 1959). Baucon et al. (2008) noted that some geological 
features (e.g. sacred rocks) qualify as hierophanies (“geological 
hierophanies”) because ancient cultures have linked them 
to the divine and the magical. These authors also noted that 
some biogenic structures in archaeological context may play a 
similar role, and referred to them as ichnohierophanies or ich- 
nological hierophanies. Baucon et al. (2008) proposed a clas- 
sification of these features in cultural (ichnofossils interpreted 



Box 15.1 Identifying the source of archaeological artifacts through ichnological analysis 

A recent study has presented a new ichnological technique to identify the source of archaeological tools. This is a non-de- 
structive technique which allows matching the trace fossils present in the tools of an archaeological site with those of outcrops 
in the same region. This technique has been successfully developed to identify raw materials of flaked artifacts used by Late 
Neolithic and Copper Age communities of the Iberian Peninsula. This study focuses on blade cores from various archaeo- 
logical sites in southern Spain. These artifacts contain a distinctive ichnofauna characterized by Phycosiphon incertum (Fig. 
15.3) and subordinate small specimens of Chondrites isp. A survey of outcrops and chert quarries in the region indicates that 
the same ichnofauna is only present in deep-marine cherts of the Campo de Gibraltar Complex. Accordingly, it has been sug- 
gested that these rocks were the most likely source of the artifacts. Flint knappers appear to have preferred cherts from the 
Campo de Gibraltar over other material located near the settlements. 

References: Rodriguez-Tovar et al. (2010b, c). 




Figure 15.3 Blade core from the 
Copper Age (c. 3000-2500 BP) 
containing Phycosiphon incertum. 
Los Reconcos, Valle del rlo Turon, 
southern Spain. Photograph cour- 
tesy of Francisco Rodriguez-Tovar, 
Antonio Morgado, and Jose A. 
Lozano (University of Granada). See 
Rodriguez-Tovar et al. (2010b, c). 
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Figure 15.4 “Graphoglyptids” from Ancient Greece. National 
Archaeological Museum, Athens, Greece. 

as manifestation of supernatural realities), morphological 
(inorganic structures interpreted as organic traces of supernat- 
ural entities), anthropic (human-generated structures based on 
ichnological motifs), scientific (trace fossils misinterpreted by 



archaeologists as cultural artifacts), and composite (superpos- 
ition of ichnohierophanies of various types). 

Mayor and Sarjeant (2001) noted that the fascination of early 
humans with footprint-shaped marks in rock have led to attri- 
bution of these structures to either familiar or fabulous once- 
living creatures, representing an example of morphological or 
cultural ichnohierophanies. Envisaged tracemakers range from 
gods, devils, heroes, and saints to occasionally more accurate 
interpretations. Early Jurassic dinosaur footprints in the Holy 
Cross Mountains, Poland, were formerly regarded as imprints 
produced by the Devil while traveling to participate in occult 
gatherings (Mayor and Sarjeant, 2001). These authors noted that 
the Bushmen of Lesotho depicted footprints in cave paintings 
in an area where dinosaur tracks were abundant. In addition, 
these paintings also depicted relatively accurate reconstructions 
of iguanodont-like animal as potential producers. Spiral designs 
from Ancient Greece may have been inspired by turbidite trace 
fossils (Fig. 15.4). Ichnology has a long history indeed! 
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cephalopods, 42, 52, 277 
ceratopsians, 264 
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Chirodotea coeca, 1 1 1 
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Chubutolithes, 1, 14, 77, 289 
Chubutolithes gaimanensis, 1 
Cicatricula, 281 
ciliary locomotion, 47 
Cincosaurus, 156, 262 
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Cladichnus, 11, 33, 183 

Cladichnus fischeri, 1 83 
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cleptoparasits, 11, 122 
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Climactichnites, 260, 282 

Climactichnites wilsoni, 261 

climate, 24, 113-115,216 
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colonization of freshwater environments, 
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colonization of hard substrates, 281-282 
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colonization of terrestrial environments, 287, 
289-291 

colonization of the deep sea, 279-281 
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composite ichnohierophanies, 296 
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compound trace fossils, 10, 34 
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Conchotrema, 70 
condensed section, 239 
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continental sequence stratigraphy, 245-246 
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cryptobioturbation, 47, 91, 93, 95 
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Daedalus labechei, 260 

Daedalus multiplex, 260 

Daedalus verticalis, 260 

Dagnichnus titoi, 289 

Daimonelix, 203 

Dark Age of ichnotaxonoray, 26 

death marks, 7 

death traces, 20 

debris flows, 177 

decoupling hypothesis, 271 

deep infaunal, 43 

deep-marine turbidite systems, 62, 279-281 
coarse-grained turbidite systems, 194 
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242-243 
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distributary mouths, 167 
ebb tidal deltas, 62 
flood tidal deltas, 62 
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171-172, 174, 177 
lacustrine deltas, 245 
mid-shelf deltas, 234 
overbanks, 166 
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tide-dominated deltas, 164, 174-175, 
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wave-dominated deltas, 164, 169-174, 176, 
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Dendroidichnites, 51, 109, 156 
deposit feeders, 40 
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desiccation suite, 204 
Desmograpton, 14,22,43,66-67, 181, 
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Desmograpton dertonensis, 185 
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Dickinsonia tenuis, 266 
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Dictyodora liebeana, 260-261 
Dictyodora scotica, 260 
Dictyodora silurica, 260 
Dictyodora simplex, 260 
Dictyodora tenuis, 260 
Dictyodora zimmermanni, 260 
Dicynodontipus, 262 
dicynodonts, 205, 262 
Didymaulichnus, 20, 28, 64, 269 
Didymaulichnus lyelli, 208 
Didymaulichnus miettensis, 14, 252, 254 
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Diictodon, 203, 205 
Dimetropus, 80, 156, 262 
Dimetropus leisnerianus, 263 
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Dimorphichnus quadrifldus, 130 
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Dinosauromorph assemblage, 262 
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Diploria strigosa, 245 
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disparity, 118 
dissipation time, 173 
Domichnia, 2 1 
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doomed pioneers, 106-107 
double-anchor mechanism, 47^8, 57 
downward advection, 39, 45 
downward conveyors, 46 
drifted-log pavements, 73, 236, 239 
drill holes, 6, 23, 52 
drilling, 29, 42, 46, 52, 278, 281 
Dromopus, 80, 209, 262 
Dromopus agilis, 263 
Dromopus biochron, 262 
drowning surfaces, 241 
drowning unconfonnities, 244 
dual nomenclature, 26 
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durophagous scars, 24 
dwelling traces, 21 
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dysoxic, 104 
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earthworms, 45,47,91, 116, 120,216, 289 
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Ediacaran ecosystems, 266-269 
Ediacaran ichnostratigraphic zones, 252 
egg cases, 6 
elite trace fossils, 85 
Ellipsoideichnus, 11, 289 
embedment structures, 6, 71, 122 
end-Cretaceous mass extinction, 276 
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endogenic, 17 

endopodites, 41, 53-54, 256 
end-Permian mass extinction, 275 
end-Triassic mass extinction, 276 
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enteropneusts, 64, 196, 274 
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Entobia cracoviensis, 225 
Entobia gigantea, 223 
Entobia gonioides, 113 
Entobia paradoxica, 223 
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Entradichnus, 197,215,291 
Entradichnus ichnofacies, 78 
eocrinoids, 277 
Eodiorygma, 24 
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epichnial preservation, 17 
epifaunal, 43 
epifaunal bioturbators, 46 
epirelief, 15 
Equilibrichnia, 22 
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escape traces, 22, 126, 135-136, 159, 167-170, 
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estuaries, 60, 73, 80, 86, 108, 113, 152-160, 
175,238, 243,283-284 
bay-head delta, 62, 153-154, 156, 177 
central basin, 64, 153-155, 160, 243 
estuary mouth, 62, 153-156, 161-162, 243 
fluvio-estuarine transition, 110, 156-157 
tide-dominated estuaries, 113, 156-162,283 
upper estuary channels, 156-157, 243 
wave-dominated estuaries, 148-150, 153 
estuarine valley incision, 68, 238 
ethoichnofacies, 59 
ethologic structures, 5 
ethological classification, 17-24 
Euhrontes, 80, 209, 262 
Euhrontes datum, 262 
Euhrontes ichnocoenosis, 80 
Eumacrauchenichnus, 264 
euphotic zone, 1 12 
Eurydice pulchra, 141 
euryhaline, 107 
eurypterids, 51, 283 
Euzonus, 100 
evaporites, 249 
exaerobic, 104 
excavation, 44-45 
exogenic, 17 
exopodites, 53-54, 259 
expansion, 278 
extended organisms, 24, 57 
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facultative attached, 43 
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farming traces, 21 
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fecal castings, 5 
fecal pellets, 5, 143, 283 
feeding strategies, 38-43 
feeding traces, 20 
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gords, 76, 175-180 
Flagrichnus baiulus, 115 
Fleaglellius, 77, 114,289 
Fleaglellius pagodus, 92 
Flexicalymene meeki, 1 1 
floating ice masses, 175 
flooding surfaces, 241 
flooding surfaces/sequence boundaries, 233 
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fluid muds, 151, 165, 169, 173-174, 176, 180 
fluvial discharge, 172 

fluvial systems, 75, 80, 109, 117, 198-206, 250 
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active channels, 62, 125, 199-201, 250 
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braided rivers, 199,203-204 
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freely slow, 43 
freshets, 165, 167, 172 
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Fuersichnus, 67, 75, 119, 207, 219, 222 
Fuersichnus ichnofacies, 75 
Fuersichnus striatus, 29 
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full-relief structures, 15 
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